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Background: The long-term outlook after surgical closure of ventricular septal defect (VSD) has traditionally been
considered benign. However, there is an increasing awareness of not only late cardiac dysfunction, but also pul-
monary abnormalities. The primary aim of this study was to describe pulmonary function in adults with a surgi-
cally repaired VSD, and secondarily to determine the effects of salbutamol on the potential abnormalities.
Methods: All patients (operated for a VSD in early childhood) and controls (age- and gender-matched)
underwent static and dynamic spirometry, impulse oscillometry, multiple breath washout, diffusion capacity
for carbon monoxide, and cardiopulmonary exercise testing. In a double-blinded, cross-over study, participants
were randomized to inhalation of either 900 μg of salbutamol or placebo. The primary outcomewas forced expi-
ratory volume in 1 s.
Results: In total, 30 participantswith a surgically closed VSD and 30 healthy controls were included. The VSD partic-
ipants had a lower forced expiratory volume in 1 s (99±13% vs. 111±13%), p b 0.001, impaired forced vital capac-
ity, (106±12% vs. 118±13%), p b 0.001, and lower peak expiratoryflow, (95±18% vs. 118±19%), p b 0.001, than
the control group. Also, the VSD group had a lower alveolar volume than the control group, (92 ± 10% vs. 101 ±
11%), pb 0.001, but therewere no differences in the remaining pulmonary function parameters. Salbutamol reduced
airway resistances in both groups, but exercise performance was not improved by salbutamol, however.
Conclusions:Adultswho have undergone surgical closure of a VSD in early childhood have reduced pulmonary func-
tion compared with controls, which is unaffected by inhalation of salbutamol.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Repair of a ventricular septal defect has a low surgical mortality, is
associated with low rates of postoperative morbidity, and the long-
term outcome has traditionally been considered so benign as not to re-
quire specialized adult congenital heart follow-up [1–6]. Nevertheless,
several recent studies have highlighted significant late morbidity and
while their focus has been towards cardiac dysfunction [7], there is
also an emerging evidence of late pulmonary abnormalities [8].

The exactmechanisms of pulmonary dysfunction remain to be eluci-
dated, however several studies have indicated that early pulmonary
hyperperfusion might have a negative impact on the long-term

viscoelastic properties of the lungs [9, 10], even after surgical correction
[11]. Furthermore, Sulc et al. [12–14] have suggested that these patients
may have increased airway resistance and our own research group
showed an abnormal ventilation pattern during exercise in VSD-
operated patients [15]. Consequently, a thorough investigation of VSD
patients' pulmonary function on a longer-termbasiswith contemporary
measurement techniques is warranted.

We hypothesized that adults, who had undergone surgical VSD-
repair in early childhood have abnormal lung function with increased
airway resistance, the latter of which can be improved with bronchodi-
lator treatment.

2. Methods

TheDanishData Protection Agency (chart: 1-16-02-315-16), The Regional Committee
on Biomedical Research Ethics of the Central Denmark Region (chart: 1-10-72-153-16),
The Danish Medicines Agency (chart: 2016061269), and the European Medicines Agency
(EudraCT No. 2015-005507-89) approved the study. The study was monitored by the
Good Clinical Practice Unit of Aalborg and Aarhus University Hospitals, and it is registered
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on clinicaltrials.gov (identifier: NCT02914652). All participants providedwritten informed
consent prior to enrolment, and the study protocol conforms to the ethical guidelines of
the 1975 Declaration of Helsinki, revised in 2008.

2.1. Design

The participants were requested not to perform exhausting exercise within 24 h prior
to each visit and they were asked to abstain from large meals and coffee for at least two
hours before the visit. At their first visit, each participant was asked to fill in the Interna-
tional Physical Activity Questionnaire and bioelectrical impedance measurements were
performed using the ImpediMed Ltd. Model SFB7 (ImpediMed Ltd. Brisbane, Queensland,
Australia). They were then randomized to inhalation of either 900 μg of salbutamol
(Ventoline®) or placebo (Evohaler®) at two separate visits with two to 14-days interval
at Aarhus University Hospital, Denmark. A block randomization sequence with six partic-
ipants in each block was made by the Hospital Pharmacy of Region Midtjylland, and the
allocation information was concealed for all study personnel until completion of the
data analyses.

After the inclusion, five different pulmonary function tests were performed. After the
intervention, impulse oscillometry, dynamic spirometry, and a cardiopulmonary exercise
test were performed. At the second visit, impulse oscillometry, dynamic spirometry, and a
cardiopulmonary exercise test were performed after the alternate intervention. Patients
and researchers were blinded to study drug, and administration of drug and placebo
were randomly ordered.

2.2. Study population

Inclusion criteria were 1) operated VSD-patients who had undergone surgical closure
of a congenital, isolated VSD through right atrial approach at Aarhus University Hospital
between 1990 and 1997, and 2) healthy age- and gender-matched volunteer controls in-
cluded through flyers and announcements on official webpages. Exclusion criteria were
coexistence of congenital cardiac defects than VSD, associated syndromes, e.g. Down's
syndrome, documented arrhythmia other than right bundle branch block, cardiac or pul-
monary disease including any valve pathology, and missing patient chart. Details of the
surgical procedures are previously described [16].

2.3. Intervention

The intervention was administered using a metered-dose inhaler containing either
salbutamol (Ventoline®) or placebo (Evohaler®). The inhalations were performed in a
standardizedmanner by use of an official, governmental instruction video and the admin-
istrations were supervised by an investigator to ensure correct inhalation.When random-
ized to salbutamol, the cumulative dose was 900 μg, which was administered
approximately 15minprior to thepulmonary function tests and60minprior to cardiopul-
monary exercise testing.

2.4. Pulmonary function tests

All tests were performed by trained and experienced personnel in accordance with
current guidelines from European Respiratory Society and American Thoracic Society.
For each test, three reproducible maneuvers without artefacts, e.g. coughing, vocalization,
swallowing, or inappropriate breath holding, were recorded in a sitting position.

2.4.1. Static and dynamic spirometry
A Jaeger MasterScreen PFT Pro Diffusion System and a BodyBox from CareFusion

(IntraMedic, Gentofte, Denmark) were used and both tests were performed according to
established guidelines for standard spirometry [17].

2.4.2. Impulse oscillometry
A Carefusion Vyntus Impulse Oscillometer using SentrySuite software and a Vyntus

Spirometer (IntraMedic, Gentofte, Denmark) using LabManager Version 4.67.0.1 software
(CareFusion Germany GmbH, Hoechberg, Germany) were used and the test was per-
formed according to the current guidelines [18]. A pathologically increased airway resis-
tance was defined as N110% of the predicted value [18].

2.4.3. Multiple breath washout
An EcoMedic Exhalyzer D (IntraMedic, Gentofte, Denmark) was used and it was cali-

brated prior to each visit. As per established guidelines [19], themonitored tracer gas was
nitrogen, whereas 100% oxygen was supplied during washout, which was considered
complete when the end-tidal nitrogen concentration had decreased below 1/40th of the
peak end-tidal concentration.

2.4.4. Diffusion capacity for carbon monoxide
A Jaeger MasterScreen PFT Pro Diffusion System from CareFusion (IntraMedic, Gentofte,

Denmark) with LabManager Version 4.67.0.1 software (CareFusion Germany GmbH,
Höchberg, Germany) was used. A gas composition consisting of 0.3% carbon monoxide,
10% helium and 21% oxygen, balanced with nitrogen, was used and the test was performed
with single-breath technique according to current guidelines [20].

2.5. Cardiopulmonary exercise testing

An upright ViaSprint 150P® ergometer cycle (Ergoline, Bitz, Germany) was used, and
as per current international guidelines on cardiopulmonary exercise testing, all tests were
supervised by trained, experienced personnel [21]. For each participant, an individual
workload protocol was chosen based on the participant's bodymass, gender, and habitual
activity level. The workload protocol included a baseline rest period of two minutes
followed by an initial workload of 25 or 100 W, increasing with 10, 15, or 25 watts per
minute. Prior to the test, the participant was instructed to keep a pedaling speed between
60 and 70 turns perminute throughout the test without standing, talking, or releasing the
handlebars.

During the test, gas exchange was measured breath-by-breath using a Jaegers
MasterScreen CPX® system (IntraMedic, Gentofte, Denmark). Heart rate, 12-lead electro-
cardiography, and arterial oxygenation were continuously monitored, whereas arterial
blood pressure was measured at rest and every second minute thereafter. The participant
was encouraged until complete exhaustion defined as inability to maintain the instructed
pace. The test was considered valid only if the respiratory exchange ratio reached a value
of 1.1 or above.

2.6. Outcomes

The primary outcome was forced expiratory volume in 1 s, and secondary outcomes
were the remaining pulmonary function parameters and the peak exercise parameters
in terms of minute ventilation, breath rate, oxygen uptake, and carbon dioxide excretion.
Secondary outcomes also included the effects of salbutamol on both pulmonary function
and peak exercise parameters.

2.7. Statistical analyses

Continuous data are presented as means± standard deviations ormedianswith total
ranges, as appropriate, and binary data are presented as absolute numbers and percent-
ages of participants. Differences between groups were assessed using paired or unpaired
students t-tests or two-way analyses of variance (ANOVA), as appropriate, for continuous
data and chi-squared tests for binary data. p-Values b 0.05 were considered statistically
significant on the primary outcome, whereas only p-values b 0.01 were considered statis-
tically significant on the secondary outcomes, all p-values are two-sided. Descriptive data
were stored in Microsoft Excel 2016 (Microsoft Corp., CA, USA) and statistical analyses
were performed using Stata/IC 12.1 for Mac (Stata Corp., TX, USA).

2.7.1. Sample size justification
The sample size estimatewas based onpreviously published data fromour group [16].

In order to determine a difference between the groups on our primary outcome with a
power of 80% and a significance level of 0.05 using the students t-test, theminimal sample
size was determined to be 13 patients per group. To adjust for participant dropout, we en-
rolled 30 patients per group.

3. Results

In the period fromOctober 2016 to June 2017, 30 participants with a
surgically closed VSD and 30 healthy controls were enrolled as
displayed in Fig. 1. In the VSD group, preoperative echocardiography
had shown amean gradient of 56± 25mmHg and a subgroup of 8 pa-
tients had underwent a cardiac catheterization with a mean Qp/Qs of
2.9 ± 0.7. The median age at surgery was 1.4 years (95% CI 0.9–
2.4 years). All participants enrolled completed both study visits, but in
the VSD group, 1 participant was secondarily excluded after initial en-
rollment due to a severe congenital scoliosis. No serious adverse events
were observed. Basic characteristics and physical activity patterns for
the two groups are shown in Table 1 and Supplemental Table 1, respec-
tively as seen, the groupswere generally similar including their physical
activity levels.

Pulmonary function parameters are shown in Table 2. There was a
lower forced expiratory volume in 1 s in the VSD group, p b 0.001, im-
paired functional vital capacity, p b 0.001, and peak expiratory flow, p
b 0.001, compared with the control group. There were no differences
in the remaining spirometry parameters, however the VSD operated
group had a lower alveolar volume than the control group, p b 0.001.
There were no statistical differences in mean diffusion capacity or any
of the remaining pulmonary function parameters. In the VSD group,
20% of the participants had a pathologically increased airway resistance
(R5), comparedwith 7% of the controls, 10% of the VSD participants and
7% of the controls had pathologically increased resistance in the large
conducting airways (R20), and pathologically increased resistance in
the small conducting airways (D5–20) was found in 20% of the VSD
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participants and 10% of the controls but none of these differences
reached statistical significance (p = 0.16, p = 0.67 and p = 0.075,
respectively).

Exercise data are shown in Table 3, and the ventilatory parameters
during the test session are displayed in Supplemental Fig. 2. At peak ex-
ercise, VSD participants had lowerminute ventilation, p b 0.001, oxygen
uptake, p b 0.001, and carbon dioxide excretion, p b 0.001, than the con-
trols, but therewas nodifference in breath rate, p=0.210, breathing re-
serve, p = 0.060, or ventilatory efficiency (VE/VCO2-slope), p = 0.696,
between the groups. Similarly, when compared over the entire exercise
test session,minute ventilation, p b 0.001, oxygen uptake, p b 0.001, and
carbon dioxide excretion, p b 0.001, were impaired in the VSD group
compared with the control group, but again, there was no significant,
although borderline, difference in breath rate, p = 0.055,
between the groups. Also, the VSD group reached a lower maximal
workload, p b 0.001, and had lower oxygen uptake, p b 0.001, andwork-
load, p b 0.001, at the anaerobic threshold than the control group.

Lastly, the effects of salbutamol on pulmonary function and exercise
in the VSD group are displayed in Supplemental Tables 2, 3, and Supple-
mental Fig. 2. As seen, salbutamol led to a decreased resistance in the
conducting airways, p = 0.005, and a lower resistance in the large
conducting airways specifically, p = 0.003, but there were no effects

of salbutamol on any of the remaining parameters. However, except
for a larger decrease in resistance in the small conducting airways in
the VSD group, p = 0.009, there were no evidence of differences in
the effects of salbutamol between the groups. In the subgroups with
pathologically increased airway resistances, there were no statistically
significant improvements by salbutamol either. There was no associa-
tion between age at surgery and any of our outcomes.

4. Discussion

In this double-blinded, cross-over study, we demonstrate that adults
operated for a VSD in early childhood have compromised pulmonary
function in terms of forced expiratory volume in 1 s, forced vital capac-
ity, peak expiratory flow, and alveolar volume compared with healthy
controls. Also, as previously demonstrated, we found a reduced minute
ventilation during exercise in the VSD operated participants in compar-
isonwith controls, despite similar breath rates. Lastly, while salbutamol,
lowered airway resistances in both groups, we found no effects of in-
haled salbutamol on exercise performance, and no evidence of
differences in the effects of salbutamol between controls and VSD pa-
tients, neither in the subgroups with pathologically increased airway
resistances.

Healthy, age- and gender-
matched controls 

n = 30

Participants with a closed 
VSD operated between  

1990 and 1997 
n = 152

Assessed non-eligible 
n = 65

Participants eligible for 
participation 

n = 87

No response or participation 
declined  
n = 57

Participants with a closed 
VSD included in trial 

n = 30

Healthy controls  
included in trial 

n = 30

Fig. 1. Patient flow chart. Flow of VSD participants through the study period. VSD, ventricular septal defect.
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Until recently, the late effects of VSD and VSD closure on pulmonary
function have remained almost unexplored. Nonetheless, our data are in
agreement with the limited available data. Most recently, a study from
Möller et al. on VSD operated patients between 30 and 45 years showed
a forced expiratory volume in 1 s of 85% of predicted, a forced vital ca-
pacity of 88% of predicted, and a diffusion capacity for carbonmonoxide
of 89%of predicted,which, however,were allwithin normal ranges [22].
Binkhorst et al. [23] also found lower forced expiratory volume in 1 s
and reduced forced vital capacity in VSD operated adolescents, and
Sulc et al. [13] described reduced lung compliance, but unfortunately
none of the studies provided a comprehensive assessment of lung func-
tion, and the data was expressed as normative rather thanwith directly
matched controls. In comparison, we applied a broad panel of advanced
pulmonary function tests and compared against a healthy, matched,
control group. Alonso-Gonzalez et al. showed that abnormal lung func-
tion is prevalent across the spectrumof adultswith congenital heart dis-
ease and that its severity relates to worse outcome [24]. This study
identified 8% of VSD patients as havingmoderately to severely impaired
lung function, but unfortunately, it remains unclear whether these pa-
tients were repaired or not. Clearly, however, their identification of
complexity of congenital heart disease as an independent predictor of

impaired lung function in surgically repaired patients is an important
observation.

Our data suggest elevated airway resistance among VSD-operated
adults, but we cannot dissect the impact of the preoperative physiology
versus the impact of surgery in terms of mechanism. That said the sur-
gical procedure is a potential modifier of the viscoelastic properties of
the lung and chest wall. Indeed, adults undergoing coronary artery
bypass grafting also display substantial restrictive lung dysfunction
[25, 26], and cardiopulmonary bypass, includingmechanical ventilation,
can cause immediate functional and structural injury to the lungs [27,
28]. The predominant influence of the surgical procedure is strength-
ened by the findings of Zaqout et al. [11], who found significantly better
pulmonary outcomes after percutaneous ASD-closure than after
surgery.

Nonetheless, we cannot discount the impact of preoperative pulmo-
nary hyperperfusion, which has been shown to have a harmful impact
on the viscoelastic properties [9, 10]. Enlarged or engorged pulmonary
vasculature has been described in patients with high pulmonary blood
flow, which may result in remodeling of the lung parenchyma and fi-
brotic changes [29]. Indeed, the hyperperfusion theory is strengthened
by the high prevalence of increased airway resistance among VSD-
operated patients. On the other hand, we found a normal VE/VCO2-
slope, which speaks against this theory as VE/VCO2-slope has been
shown to be a sensitive marker of increased pulmonary vascular resis-
tance [30]. Investigations on adult patients with small, unrepaired de-
fects would be of great value in order to assess potential pulmonary
impairments in a non-operated group of VSD patients.

As previously described by our research group, the current study
also showed reduced peak exercise minute ventilation as well as func-
tional impairment in terms of lowered oxygen uptake throughout exer-
cise [15, 16]. Importantly, by determining breathing reserve this study
demonstrated that the functional capacity cannot be explained by ab-
normalities of baseline pulmonary function, and hence, abnormalities
in the pulmonary vascular bed, as previously suggested [31–33], seem
increasingly likely as a mechanism.

Unfortunately modification of airway resistance did not lead to im-
proved exercise performance. Among the VSD operated adults, inhala-
tion of salbutamol had no effects on the demonstrated impairments
during exercise in the group as a whole. While disappointing, the rela-
tively small patient group studied, obviates any definitive statement re-
garding the acute or chronic use of bronchodilators in subgroups of
patients, and larger studies will be required to answer such questions.
Also, more large-scale studies are needed in order to identify those

Table 1
Characteristics of participants with surgically closed VSDs and healthy controls.

Closed VSDs n = 30 Controls n = 30

Demographics
Age, years 24 ± 2 24 ± 3
Male sex, n (%) 13 (41) 15 (50)
Weight, kg 71 ± 12 72 ± 12
Height, cm 174 ± 10 175 ± 8
Fat free mass, kg 54 ± 11 56 ± 10

Smoking status
Non-smokers, n (%) 23 (77) 26 (87)
1–7 cigarettes/week, n (%) 3 (10) 2 (6)
8–20 cigarettes/week, n (%) 1 (3) 1 (3)
N21 cigarettes/week, n (%) 3 (10) 1 (3)

Data reported as means ± standard deviations or absolute numbers and percentages of
patients. VSD, ventricular septal defect.

Table 2
Pulmonary function in participants with surgically closed VSDs and healthy controls.

Closed VSDs
n = 29

Controls
n = 30

p-Value

Static spirometry
Total lung capacity, % 101 ± 12 107 ± 13 0.079
Residual volume, % 101 ± 21 94 ± 25 0.266
Functional residual capacity, % 124 ± 19 136 ± 18 0.016
Specific resistance of the airways, % 70 ± 26 65 ± 21 0.421

Dynamic spirometry
FEV1, % 99 ± 13 111 ± 13 b0.001
FVC, % 106 ± 12 118 ± 13 b0.001
FEV1/FVC-ratio 0.8 ± 0.1 0.8 ± 0.1 0.627
PEF, % 95 ± 18 118 ± 19 b0.001

Impulse oscillometry
R5, % 125 ± 40 105 ± 28 0.027
R20, % 124 ± 31 113 ± 26 0.127
D5-20, % 22 ± 20 14 ± 14 0.076

Multiple breath washout
Lung clearance index, % 102 ± 21 97 ± 9 0.266
Function of conducting airways, % 69 ± 53 62 ± 46 0.582
Function of respiratory airways, % 100 ± 85 92 ± 43 0.633

Diffusion capacity
Diffusion capacity for carbon monoxide, % 85 ± 10 92 ± 12 0.042
Alveolar volume, % 92 ± 10 101 ± 11 0.003

Data reported as means of percentages of predicted values ± standard deviations. VSD,
ventricular septal defect, FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity;
PEF, peak expiratory flow; R5, Resistance in the conducting airways; R20, resistance in the
large conducting airways; D5-20, resistance in the small conducting airways.

Table 3
Exercise data in participants with surgically closed VSDs and healthy controls.

Closed VSDs
n = 29

Controls
n = 30

p-Value

Peak exercise parameters
Ventilation, l/kg/min 1.7 ± 0.5 2.0 ± 0.4 b0.001
Breath rate, breaths/min 52 ± 11 55 ± 9 0.210
Oxygen uptake, ml/kg/min 38.2 ± 7.4 47.3 ± 7.4 b0.001
Carbon dioxide excretion, ml/kg/min 47.2 ± 10.4 57.2 ± 9.0 b0.001
Breathing reserve, % 24 ± 18 16 ± 14 0.060
VE/VCO2-slope 32 ± 5 32 ± 4 0.696
Respiratory exchange ratio 1.2 ± 0.1 1.2 ± 0.1 0.301
Workload, watt/kg 3.3 ± 0.7 4.2 ± 0.7 b0.001
Heart rate, beats/min 180 ± 10 186 ± 10 0.029

Anaerobic threshold
Oxygen uptake, ml/kg/min 26.3 ± 7.5 35.3 ± 7.1 b0.001
Workload, watt/kg 2.2 ± 0.8 3.0 ± 0.7 b0.001
Heart rate, beats/min 147 ± 27 163 ± 11 0.006

Data reported as absolute values ± standard deviations. VSD, ventricular septal defect.
Breathing reserve is calculated as the difference between maximal voluntary ventilation,
defined as forced expiratory volume in 1 s × 40, and peak exercise ventilation, and it is
expressed as a percentage of maximal voluntary ventilation. VE/VCO2-slope is calculated
as the average ratio betweenminute ventilation and carbon dioxide excretion over the en-
tire test.
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patients with the most severely impaired lung function. However, we
believe our novel data, demonstrating the important potential burden
whichmay increasewith age and additional environmental factors, pro-
vides ample justification for such studies. We also suggest that these
data, and those suggesting measurable abnormalities of cardiac func-
tion, mandates continued and careful longitudinal follow-up. Most
guidelines suggest that these patients do not require care in expert
ACHD clinics [5, 6]. While it is premature to suggest otherwise, the
data suggests that the late burden of VSD and its repair may not be
completely benign and some regular assessment by knowledgeable
carers is advised.

4.1. Limitations

In a contemporary cohort of VSD patients, the surgical age would
clearly be expected to be lower, and so our results may be less relevant
to patients being operated in the current era. Nevertheless, none of our
findings were related to the age at surgery and results are relevant to
the very large number of patients operated in previous era's, currently
being followed by primary care physicians and cardiologists. In addition,
the current study was powered based on a hypothesized difference in
forced expiratory volume in 1 s, and not to show a potential effect of
salbutamol on this outcome, as discussed earlier. The effects of salbutamol
should therefore be interpreted carefully although there was absolutely
no tendency towards effects of salbutamol. Also, we found a slight differ-
ence between the groups in termsof smoking status but importantly, only
b10% of the participants in both of the groups were smoking on a daily
basis. Lastly, we cannot rule the risk of selection bias since only about a
third of the eligible VSD patients were included in the study.

In conclusion, in comparison with healthy controls, adults with a
surgically closed VSD in early childhood have reduced forced expiratory
volume in 1 s, forced vital capacity, peak expiratory flow, and alveolar
volume at rest as well as lower minute ventilation during exercise.
The associated lowered exercise capacity is not improved by inhalation
of salbutamol. Although our findings are essentially subclinical in these
young adults, theymay become important later in life as the effect of en-
vironmental factors accrue, and when other lung diseases may be
superimposed. We believe that these patients should remain under ex-
pert surveillance throughout their adult lives.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.06.109.
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Background: There are increasing reports of cardiac and exercise dysfunction in adults with small, unrepaired
ventricular septal defects (VSDs). The primary aim of this study was to evaluate pulmonary function in adults
with unrepaired VSDs, and secondly to assess the effects of 900 μg salbutamol on lung function and exercise ca-
pacity.
Methods: Young adult patients with small, unrepaired VSDs and healthy age- and gender-matched controls were
included in a double-blinded, randomised, cross-over study. Participants underwent static and dynamic spirom-
etry, impulse oscillometry, multiple breath washout, diffusion capacity for carbon monoxide, and ergometer bi-
cycle cardiopulmonary exercise test.
Results:We included 30 patientswith VSD (age 27±6 years) and 30 controls (age 27±6 years). Patients tended
to have lower FEV1, 104 ± 11% of predicted, compared with healthy controls, 110 ± 14% (p = 0.069). Further-
more, the patient group had lower peak expiratory flow (PEF), 108 ± 20% predicted, compared with the control
group, 118± 17% (p=0.039), and showed tendencies towards lower forced vital capacity and increased airway
resistance comparedwith controls. During exercise, the patients had lower oxygen uptake, 35±8ml/min/kg (vs
47±7ml/min/kg, p b 0.001),minute ventilation, 1.5± 0.5 l/min/kg (vs 2.1± 0.3 l/min/kg, p b 0.001) and breath
rate, 48 ± 11 breaths/min (vs 55 ± 8 breaths/min, p = 0.008), than controls.
Conclusion: At rest, young adults with unrepaired VSDs are no different in pulmonary function from controls.
However, when the cardiorespiratory system is stressed, VSD patients demonstrate significantly impaired min-
ute ventilation andpeakoxygenuptake,whichmay be early signs of parenchymal dysfunction and restrictive air-
way disease. These abnormalities were unaffected by the inhalation of salbutamol.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Large ventricular septal defects (VSDs) are surgically closed at an
early age, while smaller VSDs either close spontaneously during child-
hood or are considered haemodynamically insignificant with excellent
‘long-term’ outcomes. However, several recent studies have suggested
that outcomes are not completely benign, with significant cardiac mor-
bidity described later in life [1–3]. Our group recently demonstrated an
impaired pulmonary function at rest and a lower ventilation during ex-
ercise in young adults with surgically corrected VSDs [4], but it remains
unclear whether this reduced ventilation is related to the surgical

procedure or the long-term effects. We recently showed that adults
with small VSD's had abnormal exercise function [5], but the underlying
mechanism was not explored. Larger septal defects are associated with
morphological changes in the lungs and airways [6–8] and late ventila-
tory dysfunction has been observed in patients after early VSD closure
[9–12]. We therefore hypothesized that adults with small, unrepaired
VSD's will also display abnormal resting and dynamic pulmonary func-
tion, and that these abnormalities would be improved by inhaled
salbutamol.

2. Methods

2.1. Ethics and approvals

The study was conducted in accordance to Danish law and the Hel-
sinki Declaration of 1975, revised in 2013, for research involving
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human subjects. Approvals were obtained from the Danish Data Protec-
tion Agency (chart: 1-16-02-315-16), the Danish (chart: 2016061269)
and the European (EudraCT No. 2015-005507-89) Medicines Agency,
and the Committee on Biomedical Research Ethics of the Central
Denmark Region (chart: 1-10-72-153-16). The project is listed on
clinicaltrials.gov (identifier: NCT02914652) andwas continuouslymon-
itored by The Good Clinical Practice Unit at Aalborg and Aarhus Univer-
sity. All participants gave informed consent prior to study inclusion.

2.2. Study population

Adults between 18 and 40 years of age with an isolated, small,
unrepaired VSD, followed at our local clinic or a regional outpatient
clinic with echocardiographic follow-ups and healthy, age- and
gender-matched controls were included. A small VSD was defined in
childhood as a defectwith a shunt ratio below1.5 estimated by echocar-
diography and in borderline cases, assessed by cardiac catheterization.
Controls were recruited through announcements on official webpages.
Exclusion criteria were coexistence of other cardiac abnormalities, pul-
monary disease, associated syndromes e.g. Downs', current pregnancy
or breastfeeding, and metabolic disorders e.g. hyperthyroidism. Physi-
cians from the department were responsible for enrolment of partici-
pants and assignment to interventions.

2.3. Study design

In a double-blinded, cross-over cohort study, participants inhaled ei-
ther salbutamol or placebo in a randomised order on two separate visits
at Aarhus University Hospital, Denmark. A block randomization se-
quence with six participants per block was made by the Hospital Phar-
macy of the Central Denmark Region and the allocation information
was concealed for all study personnel until completion of all data anal-
yses. Each participant received an identification number which was
linked with the participant's intervention containers. To ensure compa-
rable conditions and sufficient physical recovery, the two visits were
performed with an interval of two to fourteen days. Participants were
requested not to perform exhausting exercise 24 h prior to either visit,
and they were asked to abstain from large meals, alcohol, and coffee
for at least 2 h before the visit.

An overview of the investigations performed during the study pe-
riod is outlined in Fig. 1. At visit 1, a questionnaire on weekly physical
activity was filled in, and afterwards, bioelectrical impedance measure-
ments using an ImpediMed Ltd. model SFB7 (ImpediMed Ltd. Brisbane,
Queensland, Australia), 5 pulmonary function tests, and a cardiopulmo-
nary exercise test were performed. At visit 2, participants performed 2
pulmonary function tests and a cardiopulmonary exercise test.

2.4. Intervention protocol

Salbutamol and placebo were administered using identical metered
dose-inhalers and an official, governmental instruction video was
shown at both visits to ensure standardized administration. Between
10 and 15 min before the interventional pulmonary function tests, 8
doses of either 100 μg salbutamol (Ventoline®) or Placebo (Evohaler®)
were administered. An additional dose of 100 μg salbutamol
(Ventoline®) or Placebo (Evohaler®)was given 60min before the exer-
cise test to ensure maximal effect during the test. Consequently, a cu-
mulative dose of 900 μg salbutamol was administered.

2.5. Pulmonary function tests

The pulmonary function tests were performed by trained and expe-
rienced personnel in accordance with current guidelines from the
European Respiratory Society [13–16]. In a sitting position, 3 reproduc-
ible maneuvers without artefacts (e.g. coughing, swallowing,

vocalization, or inappropriate breath holding) were recorded for each
test and all equipment was calibrated before each visit.

2.5.1. Static and dynamic spirometry
For static and dynamic spirometrymeasurements an IntraMedic Jae-

ger MasterScreen PFTpro Diffusion System and a BodyBox from
CareFusion (IntraMedic, Gentofte, Denmark) were used.

2.5.2. Impulse oscillometry
A Carefusion Vyntus Impulse Oscillometer using SentrySuite Soft-

ware and Vyntus Spirometer (IntraMedic, Gentofte, Denmark) with
LabManager Version 4.67.0.1 (CareFusion Germany GmbH, Hoechberg,
Germany) were used for impulse oscillometry examination.

2.5.3. Multiple breath washout
Multiple breath washout was performed using an EcoMedic

Exhalyzer D (IntraMedic, Gentofte, Denmark). The monitored tracer
gas was nitrogen, whereas 100% oxygen was supplied during washout,
which was deemed complete when the end-tidal nitrogen concentra-
tion had decreased below 1/40th of the peak end-tidal concentration.

2.5.4. Diffusion capacity for cabon monoxide
For diffusion capacity for carbon monoxide measurements, an

IntraMedic Jaeger MasterScreen PFTpro Diffusion System from
CareFusion (IntraMedic, Gentofte, Denmark) with software
LabManager Version 4.67.0.1 (CareFusion Germany GmbH, Hoechberg,
Germany) was used. The single-breath technique was used, with a gas
composition of 0.3% carbonmonoxide, 10% heliumand 21% oxygen, bal-
anced with nitrogen.

Fig. 1. Investigation order at first and second trial visit. The orange andblue lines represent
the randomization order. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.6. Cardiopulmonary exercise test

The cardiopulmonary exercise tests were performed by trained and
experienced personnel in accordance to current guidelines [17] on an
upright ViaSprint 150P® ergometer cycle (Ergoline, Bitz, Germany).
An individual workload protocol was chosen based on the participant's
body mass, gender, and habitual activity level. Workload protocols in-
cluded a baseline rest period of 2 min followed by an initial workload
of 25 or 100 watts, increasing with 10, 15, or 25 watts per minute. Jae-
gers MasterScreen CPX® system (IntraMedic, Gentofte, Denmark) was
used for breath-by-breath gas measurements with results condensed
over 15-seconds intervals. Heart rate, 12‑lead electrocardiography, and
arterial oxygenation were continously monitored, whereas arterial
blood pressure was measured at rest and every 2 min during the test.
Participants were instructed to maintain a pedaling speed between 60
and 70 rpm throughout the test without standing, talking or releasing
the handlebars, and they were encouraged to exercise until complete
exhaustion defined as inability to maintain instructed pace. Tests were
considered vaild if the respiratory exchange ratio (RER) reached a
value of 1.1 or above [17].

2.7. Endpoints

The primary endpoint was forced expiratory volume in 1 s (FEV1)
whereas secondary endpoints were resistance in the small airways, dif-
fusion capacity, anaerobic threshold, peak oxygen uptake, peak exercise
minute ventilation, and breathing reserve index. Resistance in the small
airways was evaluated through impulse oscillometry and multiple
breath washout measurements. Peak oxygen uptake was defined as
the highest oxygen uptake per kilogram bodymass per minute reached
during active pedaling. The anaerobic thresholdwas determined nonin-
vasively by theV-slopemethod [18].Maximal voluntary ventilationwas
estimated using the FEV1 multiplied by 40, from which the breathing

reserve index at maximum exercise was calculated as 100 × (maximal
voluntary ventilation− maximum ventilation at peak exercise) / max-
imal voluntary ventilation [19]. The minute ventilation versus the car-
bon dioxide output ratio at the anaerobic threshold was used to
noninvasively assess ventilatory efficiency [20].

2.8. Statistical analyses

Data analyses was performed with STATA/IC 12.1 for Mac
(StataCorp, Texas, United States of America) and descriptive data were
stored in Microsoft Excel 2016 (Microsoft Corp., CA, USA). Continuous
data were, if appropriate, reported as mean with standard deviation,
and compared using paired or unpaired student's t-tests if normally dis-
tributed. TheMannWhitney-Wilcoxon rank-sum testwas used for non-
normal distributed data. Binominal data are presented as absolute num-
bers and percentages of participants, and compared applying the χ2

test. We considered p-values b0.05 statistically significant, all p-values
are two-sided.

2.8.1. Sample size justification
Our sample size justificationwas based on previously published data

from our group [21] and theminimal sample size was determined to be
13 patients per group, based on a power of 80% and a significance level
of 0.05 using the students t-test. We enrolled 30 participants per group
to account for potential dropouts.

3. Results

3.1. Participant characteristics

Between October 2016 and June 2017, a total of 30 participants with
small, unrepaired VSD's and 30 healthy controls were included at Aar-
hus University Hospital, Denmark, as seen in Fig. 2. All enrolled

Fig. 2. Participant flowchart. VSD, ventricular septal defect.
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participants completed both study visits and no serious adverse events
were observed. Demographics and clinical characteristics are displayed
in Table 1. As shown, the groupswere comparable in terms of age at ex-
amination, body composition, sex distribution, and smoking status.
None of the VSD patients received prescribed anti-congestive or anti-
arrhythmic medication. Two VSD patients and three controls received
prescribed drugs: Antidepressants (n= 2), attention deficit hyperactiv-
ity disordermedication (n=1), biological anti-rheumatic drug (n=1),
and disease-modifying anti-rheumatic drug (n = 1).

3.2. Pulmonary function tests

Extended pulmonary function tests at baseline are shown in Table 2.
Patients displayed a tendency towards lower FEV1, 104 ± 11% of pred.,

compared with healthy controls, 110 ± 14%, p=0.069, and had a peak
expiratory flow of 108±20% of predicted, whichwas lower than 118±
17% among the controls, p = 0.039. We were unable to demonstrate a
difference in resistance in the small airways or in diffusion capacity for
carbonmonoxide. At baseline, 10% of the VSD patients displayed patho-
logically increased airway resistance in the larger airways, in contrast to
0% of the controls (p = 0.076). Pulmonary function after intervention
are presented in Table 3. As illustrated, the effect from salbutamol inter-
vention on pulmonary function in VSD patients were equivalent to the
response of the healthy control group.

3.3. Exercise outcomes

All exercise tests were considered valid according to above men-
tioned criteria with no premature test terminations. VSD patients
reached a mean RER at peak exercise of 1.26 ± 0.1 and the group of
healthy controls reached 1.22 ± 0.1. Baseline exercise outcomes are
outlined in Table 4. VSD patients displayed lower oxygen uptake, p b
0.001, workload, p b 0.001, minute ventilation, p b 0.001, and breath
rate, p = 0.008, at peak exercise compared with healthy controls. At
ventilatory anaerobic threshold, oxygen uptake, p b 0.001, and work-
load, p b 0.001, were inferior in the patient group compared with the
control group.We observed nodifference in breathing reserve index be-
tween groups. Oxygen uptake, p b 0.001, and carbon dioxide excretion,
p b 0.001, were lower among patients during the entire test compared
with controls, as illustrated in Fig. 3A and Fig. 3B, respectively. Further-
more, as displayed in Fig. 3C and Fig. 3D, breath rate, p b 0.001, andmin-
ute ventilation, p b 0.001, were lower in the patient group compared
with the control group. The relationship between peak oxygen uptake
(ml/kg/min) and workload (watts/kg), peak oxygen uptake (ml/kg/
min) and fat free mass (% of total body weight) and peak minute venti-
lation (l/min/kg) and fat freemass (% of total bodyweight) is illustrated
in Fig. 5 in the supplementary material.

Exercise outcomes after intervention are presented in Appendix 1, in
the supplementary material. Salbutamol neither affected the peak oxy-
gen uptake nor peak ventilation in the patient group. The difference in
breath rate during exercise under placebo condition was abolished
with salbutamol intervention; nevertheless, the lower minute ventila-
tion in patients persisted. The effect from intervention on exercise pa-
rameters did not differ between groups. Oxygen uptake, carbon
dioxide production, breath rate and minute ventilation as percentage
of maximal workload in patients under salbutamol condition are
outlined in Fig. 4, in the supplementary material. Ventilatory anaerobic
threshold parameters were unaffected by salbutamol intervention in
the patient group, whereas workload and oxygen uptake dropped in
the control group. The response to salbutamol on oxygen uptake at

Table 1
Demographics and clinical characteristics of patients with small, unrepaired ventricular
septal defects and healthy controls.

Patients (n
= 30)

Controls (n
= 30)

p-value

Age at examination, years 27 ± 6 27 ± 6 0.742
Sex distribution, ♂/♀ 17/13 17/13 1.000
Time between visit 1 and 2, days 7 ± 3 7 ± 3 0.827
Weight, kg 75 ± 13 72 ± 12 0.326
Height, cm 174 ± 9 176 ± 9 0.503
Body mass index, kg per m2 25 ± 4 23 ± 3 0.058
Fat free mass, % 74 ± 8 79 ± 7 0.019
Smokers, n 4 0.244

≤20 cigarettes per week 5 3 0.373
N20 cigarettes per week 1 1 0.627

Systolic blood pressure, mmHg 122 ± 13 119 ± 10 0.290
Diastolic blood pressure, mmHg 71 ± 9 71 ± 7 0.777
Heart rate, beats per minute 66 ± 13 64 ± 15 0.571
Ventricular septal defect type

Muscular/perimembranous/inlet/outlet 8/20/1/1 – NA

Data are reported as means with standard deviation, number of participants, or median
with total ranges.

Table 2
Extended pulmonary function tests at baseline in patients with small, unrepaired ventric-
ular septal defects and healthy controls.

Patients (n = 30) Controls (n = 30) p-value

Static pulmonary function
TLC (%) 103 ± 11 105 ± 12 0.491
RV (%) 98 ± 18 93 ± 24 0.400
FRC (%) 127 ± 21 133 ± 18 0.190
sRaw (%) 62 ± 23 60 ± 18 0.744

Dynamic pulmonary function
FEV1 (%) 104 ± 11 110 ± 14 0.069
FVC (%) 111 ± 11 116 ± 13 0.099
FEV1/FVC-ratio 0.80 ± 0.07 0.81 ± 0.05 0.780
PEF (%) 108 ± 20 118 ± 17 0.039

Impulse oscillometry
R5 (%) 112 ± 26 101 ± 22 0.079
R20 (%) 122 ± 28 109 ± 22 0.124
D5–20 (%) 16 ± 17 13 ± 13 0.558

Multiple breath washout
LCI (%) 95 ± 6 96 ± 7 0.590
Scond (%) 86 ± 50 64 ± 46 0.089
Sacin (%) 122 ± 118 96 ± 50 0.272

Diffusion capacity for carbon monoxide
DLCO (%) 92 ± 13 91 ± 13 0.742
VA (%) 95 ± 11 100 ± 10 0.085

Data are reported as mean percentage of predicted values ± standard deviation. D5–20,
resistance in the small conducting airways; DLCO, diffusion capacity for carbonmonoxide;
FEV1, forced expiratory volume in 1 s; FRC, functional residual capacity; FVC, forced vital
capacity; LCI, lung clearance index; PEF, peak expiratory flow, R5, resistance in the
conducting airways; R20, resistance in the large conducting airways; RV, residual volume;
Sacin, function of respiratory airways; Scond, function of conducting airways; sRaw, specific
resistance of the airways; TLC, total lung capacity; VA, alveolar volume.

Table 3
Pulmonary function tests after intervention in patients with small, unrepaired ventricular
septal defects and healthy controls.

Patients (n = 30) Controls (n = 30)

Placebo Salbutamol Placebo Salbutamol p-valuea

Dynamic pulmonary function
FEV1 (%) 104 ± 11 110 ± 11⁎ 109 ± 13 116 ± 14⁎ 0.448
FVC (%) 110 ± 11 111 ± 11 115 ± 12 117 ± 12⁎ 0.696
FEV1/FVC-ratio 0.82 ± 0.07 0.84 ± 0.07⁎ 0.80 ± 0.05 0.84 ± 0.06⁎ 0.433
PEF (%) 108 ± 22 115 ± 23⁎ 118 ± 15 122 ± 15⁎ 0.771

Impulse oscillometry
R5 (%) 105 ± 20 88 ± 20⁎ 98 ± 26 84 ± 20⁎ 0.727
R20 (%) 114 ± 22 94 ± 17⁎ 106 ± 24 90 ± 18⁎ 0.877
D5–20 (%) 12 ± 14 15 ± 17 12 ± 13 13 ± 12 0.049

Data are reported as mean percentage of predicted values ± standard deviation. FEV1,
forced expiratory volume in 1 s; FVC, forced vital capacity; PEF, peak expiratory flow;
R5, resistance in the conducting airways; R20, resistance in the large conducting airways;
D5–20, resistance in the small conducting airways.
⁎ Significant difference between placebo and intervention with p b 0.05.
a Difference in effect from intervention between patients and controls.
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anaerobic threshold tended to be different between groups. Patients
slightly increased their oxygen uptake while the controls decreased,
outlined in Appendix 1. We were unable to demonstrate a relation be-
tween the degree of pulmonary dysfunction to the degree of exercise
dysfunction.

4. Discussion

This double-blinded, randomised, controlled, cross-over study of
young adult patients with small unrepaired VSDs generated several im-
portantfindings. First, unrepaired VSDpatients experience lower breath
rate and minute ventilation during exercise and a tendency towards
lower pulmonary function at rest compared with healthy controls. Sec-
ond, adults with unrepaired VSD's had a 25% reduction in ventilation at
peak exercise compared with healthy controls. Third, peak oxygen up-
take among unrepaired VSD patients is reduced compared with their
healthy peers. The latter findings confirm our previous results in an-
other cohort of VSD patients and healthy controls [5]. Finally, these ab-
normalities are not reversible with inhaled salbutamol.

Early observational studies suggested that cardiopulmonary capac-
ity in adults with small, unrepaired VSD's is comparable to that of
healthy individuals [22–24]. However, the studies lacked a reference
group of healthy controls, and had a relatively short follow-up time
andmore recent papers report adverse late cardiovascular performance
among these patients [1–3,25] supporting the notion that these defects
may not be as benign as previously thought. Our prior results [5] show-
ing lower exercise capacity in these patients may be important, as car-
diorespiratory fitness is a quantitative predictor of all-cause mortality
and cardiovascular events in healthy men and women [26]. However,
in the previous cardiopulmonary exercise study, we did not assess po-
tential mechanisms, or reversibility, of any cardiopulmonary compro-
mise that may underpin these abnormalities.

The present data are clear in this regard. Resting and dynamic pul-
monary abnormalities are common in patients with an unoperated
VSD that is considered hemodynamically unimportant, the pulmonary

Fig. 3. Exercise outcome curves in patients with small, unrepaired ventricular septal defects and healthy controls. A. Oxygen uptake in relation to workload during bicycle ergometry. B.
Carbon dioxide excretion in relation to workload during bicycle ergometry. C. Breath rate in relation to workload during bicycle ergometry. D. Minute ventilation in relation to workload
during bicycle ergometry.

Table 4
Peak exercise data at baseline in patients with small, unrepaired ventricular septal defects
and healthy controls.

Patients (n
=
30)

Controls (n
=
30)

p-value

Maximal workload, watt per kg 3.0 ± 0.8 4.1 ± 0.6 b0.001
Peak oxygen uptake, milliliters per kg per
minute

35 ± 8 47 ± 7 b0.001

Peak heart rate, beats per minute 183 ± 14 184 ± 11 0.618
Peak systolic blood pressure, mmHg 198 ± 43 200 ± 33 0.962
Peak diastolic blood pressure, mmHg 87 ± 19 98 ± 22 0.473
Peak breath rate, breaths per minute 48 ± 11 55 ± 8 0.008
Peak ventilation, liters per minute per kg 1.5 ± 0.5 2.1 ± 0.3 b0.001
Respiratory exchange ratio at peak exercise 1.26 ± 0.1 1.22 ± 0.1 0.050
Ventilatory anaerobic threshold

Workload, watt per kg 1.9 ± 0.8 2.9 ± 0.6 b0.001
Oxygen uptake, milliliters per kg per
minute

25 ± 8 35 ± 7 b0.001

Heart rate, beats per minute 149 ± 26 161 ± 14 0.033
Oxygen pulse, milliliters per minute per
heart beat

14.4 ± 3.8 18.3 ± 4.3 b0.001

Breathing reserve (%) 31 ± 17 15 ± 12 b0.001
Ventilatory efficiency, VE/VCO2

32 ± 5 33 ± 4 0.795

Data are reported as mean ± standard deviation. VCO2
, carbon dioxide output, VE,

ventilation.
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abnormalities are unrelated to the amount of exercise dysfunction, and
they are not reversed by salbutamol. While these data provide possible
insights into the compromised maximal exercise performance, the
mechanism for the pulmonary and airway disease is not clear. Nonethe-
less, our novel findings of impaired ventilation during exercise are in
linewith the suggestion in a systematic reviewof pulmonary abnormal-
ities in older patients with left to right shunts [12]. Importantly, how-
ever, it is clear that the reduction in peak exercise capacity cannot be
explained by the observed alterations in pulmonary function alone, as
VSD patients revealed an oxygen pulse inferior to that of their peers
with no difference in peak heart rate. Hence, the pathophysiology be-
hind the lower oxygen uptake in VSD patients is probably not uniform,
but consists of both a respiratory and a cardiac component. For instance,
pulmonary hyperperfusion may also play a significant role in the path-
ophysiology as previously suggested [5]. The tendencies towards lower
dynamic pulmonary function and increased airway resistance, and the
significant impairedminute ventilationwhen the cardiorespiratory sys-
tem is stressed may be early signs of parenchymal dysfunction and re-
strictive airway disease. The lack of reversibility with salbutamol
suggests that the latter is not ‘reactive’, however.

Anatomically, the pulmonary arterioles and the bronchi, and further
distally the alveoli and the capillaries, lie in close proximity to each
other. Thus, it is conceivable that morphological changes in the pulmo-
nary vascular bed also affect the respiratory system. Prolonged exposure
to high pulmonary blood flowmay have a harmful impact on the visco-
elastic properties of the pulmonary vasculature seen as smooth muscle
hypertrophy [6,7], increased respiratory system resistance [6], and re-
duced lung compliance in infants with large left-to-right shunts [8].
There is emerging evidence that these abnormalities persist into adult
life, despite early closure of large VSD's. We recently demonstrated im-
paired pulmonary function at rest in adultswhounderwent surgical clo-
sure of VSDmore than two decades earlier [4].Whether thismechanism
is responsible for some or all of our findings in adults with persistent
small left-to-right shunts will require a much larger group of patients,
relatingQpQs (potentiallymeasured byMRI) to pulmonary dysfunction,
as exercise dysfunction can be negatively correlated to the size of the
shunt [27]. In that way, it might be possible to demonstrate subgroups
that may benefit from VSD closure later in life, despite having appar-
ently ‘insignificant’ defects. Our data cannot be used as justification for
closure of small defects, as it is unknown whether the abnormalities
we describe herein would be modified for the better or worse by open
heart surgery.

4.1. Limitations

We identified 85 patients with an isolated VSD eligible for study par-
ticipation of which 30 participated. The generalizability of the patients
we have studied can be flawed by an overrepresentation of patients
with below average functional capacity. However, it could also be the
opposite, i.e. that our group is overrepresented by well-functioning pa-
tients who sign in to the project to have their functional capacity tested.
Since the dropout does not have an association to the exposure, we be-
lieve the study population is representative of patients with a simple
VSD deemed hemodynamically insignificant.

It is not uncommon that patients with a congenital heart defect do
not want to go to their limits during an exercise test, however, we are
certain all participants performed until maximum exhaustion as the
group of VSD patients reached a mean RER at peak exercise of 1.26 ±
0.1 and the group of healthy controls 1.22 ± 0.1. We gently but none-
theless firmly reject that the difference between patients and controls
can be explained by simple deconditioning by referring to the anaerobic
threshold. The anaerobic threshold clearly illustrates the real difference
in oxygen uptake between VSD patients and controls as it is indepen-
dent of maximal effort. Echocardiography- or MRI-based shunt estima-
tion would have been valuable, in order to estimate the extent of
pulmonary hyperperfusion and furthermore, correlate shunt size with

minute ventilation andpulmonary function. Finally, sample size calcula-
tion was based on surgically closed VSDs, whereas we examined a co-
hort of patients with small open VSDs. Even though we enrolled more
than twice the number supposed to be needed, to help overcome a
too small sample size, we are not in a position to rule out the possibility
that the sample size was insufficient.

In conclusion, at rest, young adults with unrepaired VSDs are no dif-
ferent in pulmonary function from controls.However, when the cardio-
respiratory system is stressed, VSD patients demonstrate significantly
impaired minute ventilation and peak oxygen uptake, which may be
early signs of parenchymal dysfunction and restrictive airway disease.
These abnormalities may be caused by irreversible morphological
changes as they were not reversed by inhaled salbutamol. However,
the reduced peak oxygen uptake is not necessarily caused by reduced
ventilatory function. Our findings are the latest in a growing number
of studies revealing that the outcome for repaired and unrepaired
VSD's is not completely benign, and that continuous follow-up for de-
cades will be required before their full implications are understood.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2020.02.069.
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Background: Ventricular septal defects (VSDs) generally have benign long-term prognoses, but recent studies
have indicated increased pulmonary vascular resistance. A potential tool for monitoring pulmonary artery
pressure is heart rate variability, and therefore, the aim of this study was to assess heart rate variability in adults
with a surgically repaired or unrepaired VSD.
Methods: In a long-term, follow-up study, three groupswere included; VSD-patients operated in early childhood,
patients with an open VSD, and controls. For each patient, 24-hour Holter monitoring was performed and heart
rate variability was assessed.
Results: In total, 30 participants with a surgically closed VSD, 30 participants with an unrepaired VSD, and 36
controls were included. In the closed VSD group, there was a higher proportion of participants, who had low
sNN50 (p = 0.005) and low sNN6% (p = 0.017) than in the other two groups. Similar differences were found
when sNN50 was divided into increases and decreases (p = 0.007 and p = 0.005, respectively) as well as
sNN6% (p = 0.014 and p = 0.014, respectively). Lastly, there was a higher proportion of patients in the closed
VSD group with low rMSSD than in the other two groups (p= 0.005). For the closed VSD group, the proportion
of participants with low total sNN50 (p = 0.046) and low total sNN6% (p = 0.046) were higher among
participants with a complete right bundle branch block (RBBB) than among participants with no or an
incomplete RBBB.
Conclusions: Adults who had surgical VSD closure in early childhood had impaired heart rate variability and,
particularly, participants with complete RBBB had lower heart rate variability.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Ventricular septal defect (VSD) is the most common congenital
heart defect [1], and while around a third close spontaneously in the
first years of life, the rest either undergo surgical closure or are consid-
ered hemodynamically insignificant. For both of the latter two groups,
the long-term implications have traditionally been considered to be
benign [2–6]. However, there is emerging evidence of late morbidity

in adults with a surgically closed VSD [7–11] and also in patients with
small, open defects [12–15].

In particular, studies on adults operated for VSD have indicated
ncreased pulmonary vascular resistance, especially during exercise [9,
10, 16, 17]. Right ventricular thickening and an abnormal right ventric-
ular strain pattern have also been demonstrated [9], which themselves
may be adaptive to increased pulmonary hemodynamics. Most re-
cently, our own study group has shown an abnormal right ventricular
force-frequency relationship, which was directly correlated to exercise
capacity [10].

It has long been known that severe left ventricular dysfunction is as-
sociated with abnormal heart rate variability (HRV) and that the degree
of impaired HRV carries prognostic implications [18]. However, even
relatively minor abnormalities of right ventricular function have been
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associated with abnormalities of HRV [19, 20]. For example, Tadic et al.
demonstrated thatminimal right ventricular remodelingwas associated
with impaired HRV in patients with systemic hypertension [19]. The
same group showed that abnormal right ventricular strain was associ-
atedwith abnormal HRV in diabetic patients [20]. There is also evidence
of abnormal HRV in patients with congenital heart disease. For example,
patients with atrial and ventricular septal defects have decreased HRV
prior to surgical closure [21, 22], which is thought to be due to pressure
and volume overload of the right ventricle altering the homeostasis of
the pulmonary and systemic circulation. Whatever the mechanism,
HRV has been shown to improve after transcatheter or surgical closure
of atrial septal defects, for example [23].

Little is known regardingHRV in the long-term follow-up of patients
with VSD, however. We hypothesized that adults, who had undergone
surgical VSD-repair in early childhood and adults with small, open
VSDs have abnormal HRV as a consequence of the recently demon-
strated abnormalities of RV function. Therefore, the aim of this prospec-
tive cohort study was to assess HRV in adults with either a surgically
repaired or a small, open VSD.

2. Methods

TheDanish Data Protection Agency (chart: 1-16-02-315-16), TheRegional Committee
on Biomedical Research Ethics of the Central Denmark Region (chart: 1-10-72-153-16),
The Danish Medicines Agency (chart: 2016061269), and the European Medicines Agency
(EudraCT No. 2015-005507-89) approved the study. The study was monitored by the
Good Clinical Practice Unit of Aalborg and Aarhus University Hospitals, and it is registered
on clinicaltrials.gov (identifier: NCT02914652). The study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki, revised in 2008, and all participants
provided written informed consent prior to enrolment.

2.1. Design

In a long-term, follow-up study, participants were included at Aarhus University
Hospital, Denmark. This report presents a substudy of a double-blinded, cross-over trial in
which participants inhaled 900 μg of salbutamol (Ventoline®) or placebo (Evohaler®) in a
randomized order at two separate visits with 2 to 14-days interval. In the original study,
the aim was to assess ventilatory function in VSD-patients, including the potential effects
of inhaled salbutamol. As a substudy, participants were equipped with a Holter monitor,
and hence, this report only includes placebo data none of which have been presented
elsewhere.

2.2. Study population

Inclusion criteria were 1) operated VSD-patients who had undergone surgical closure
of a congenital, isolated VSD through right atrial approach at Aarhus University Hospital
between 1990 and 1997, 2) patients from 18 to 40 years of age with a small, unrepaired
VSD followed at our local or a regional outpatient clinic with echocardiographic follow-
ups, 3) a healthy control group consisting of age- and gender-matched controls enrolled
through flyers and announcements on government, official webpages. Exclusion criteria
were coexistence of other congenital cardiac defects than VSD, associated syndromes,
e.g. Down's syndrome, documented arrhythmia, cardiac or pulmonary disease including
any valve pathology, and missing patient chart. Details of the surgical procedures are
previously described [7].

2.3. Holter monitoring

At each visit, the participant was equippedwith a 2-channel Holter monitor (Lifecard
CF Digital Holter Recorder, Spacelabs Healthcare, WA, US), which was worn for 48-hours
after the first visit and 24 h after the second visit. The recordings were analyzed using
Pathfinder SL software (Spacelabs Healthcare, WA, US) and all measurements were
expressed as 24-hour values.

The Holter recordings were analyzed for presence of arrhythmic events including
premature ventricular contractions, supraventricular and ventricular tachyarrhythmia (de-
fined as ≥1 runs of ≥3 beats), sinus arrest (defined as pauses of ≥2 s), and atrioventricular
block (defined as PQ intervals of ≥0.22 s). Right bundle branch block (RBBB)was subdivided
into complete RBBB defined as RSr' or RSR' configuration in leads V1 or V2 and a QRS duration
≥120 ms in leads I, II, III, aVL, and aVF and incomplete RBBB (QRS duration b120 ms) [24].

HRV analyses were performed for the first 24 h after each visit and included the
following parameters: 1) number of pairs of adjacent NN intervals differing by N50 ms
per 24 h, standardized for invalid intervals (sNN50); 2) number of pairs of adjacent NN in-
tervals differing by N6% per 24 h, standardized for invalid intervals (sNN6%); 3) standard
deviation of all normal sinus intervals (SDNN); 4) standard deviation of all normal sinus
intervals for all 5 min segments (SDNNi); 5) standard deviation of the averaged normal
sinus intervals for all 5min segments (SDANN); 6) rootmean square of the successive nor-
mal sinus interval difference (rMSSD); 7) integral of the density distribution divided by

themaximumof the density distribution i.e. total number of NN intervals divided by num-
ber of NN intervals in the modal bin (triangular index).

2.4. Endpoints

Our primary endpointwas low sNN50 defined as the proportion of participantswith a
sNN50 lower than a predefined threshold (mean value in the control group− 1 standard
deviation). Secondary endpoints were similarly defined as the proportions of participants
with low sNN6%, low SDNN, low SDNNi, low SDANN, low rMSSD, and low triangular index.

2.5. Statistical analyses

Continuous data are presented as means ± standard deviations or median with 95%
confidence intervals (CI), as appropriate, and binary data are presented as absolute num-
bers and percentages of participants. Differences between groups were assessed using
one-way analyses of variance (ANOVA) or Students t-tests, as appropriate, for continuous
data and chi-squared tests for binary data. p-Values b 0.05 were considered statistically
significant, all p-values are two-sided. Descriptive data were stored in Microsoft Excel
2016 (Microsoft Corp., CA, USA) and statistical analyses were performed using Stata/IC
12.1 for Mac (Stata Corp., TX, USA).

2.5.1. Sample size justification
The sample size was determined by the number of participants included in the origi-

nal study, wherefore no formal sample size calculation was performed for this substudy.

3. Results

In the period from November 2016 to June 2017, 96 participants
were enrolled of which 30 participants had a surgically closed VSD, 30
participants had an unrepaired VSD and 36 participants were healthy
controls as detailed in Fig. 1. In the operated group, the median age at
surgery was 1.4 years (95% CI 0.9–2.4 years). All participants completed
both study visits and no serious adverse events were observed. In the
closed VSD group, 9 participants had complete RBBB and 21participants
had either no or incomplete RBBB, whereas there were no participants
in either the open VSD group or in the control group with complete
RBBB. Basic characteristics for all the enrolled participants are shown
in Table 1, there was no significant difference between the groups.

Heart rate variations and arrhythmic events over 24 h are displayed
in Table 2.There was a higher proportion of participants in the closed
VSD group with a high number of premature ventricular contractions
than in the two other groups (p b 0.001), but there were no differences
between the three groups in terms of heart rate variations or propor-
tions of participants with supraventricular tachycardia (p = 0.128),
ventricular tachycardia (p = 0.708), sinus pause (p = 0.553), or
atrioventricular block (p = 0.174).

HRV for the three groups is shown in Table 3. There was a higher
proportion of patients in the closed VSD group with low total sNN50
(p = 0.005) and low total sNN6% (p = 0.017) than in the other two
groups. A similar pattern was observed when sNN50 was divided into
increases and decreases (p = 0.007 and p = 0.005, respectively) as
well as sNN6% (p = 0.014 and p = 0.014, respectively). We also found
a higher proportion of patients in the closed VSD group with low
rMSSD than in the other two groups (p = 0.005), but there were no
differences between the groups in terms of SDNN (p = 0.400), SDNNi
(p = 0.059), SDANN (p = 0.602), or triangular index (p = 0.400).

For the closed VSD group, HRV was then analyzed according to the
presence of a complete RBBB (Supplementary Table 1). The proportion
of participants with low total sNN50 (p = 0.046) and low total sNN6%
(p=0.046) was higher among patients with complete RBBB compared
to those with no or incomplete RBBB. There were no differences be-
tween these two subgroups in terms of rMSSD, SDNN, SDNNi, SDANN,
or triangular index.

Participants with a closed VSD without complete RBBB were then
compared with the control group (Supplementary Table 2). A higher
proportion of participants with a closed VSD without complete RBBB
had low sNN50 (decreases) compared with the control group, but
otherwise there were no differences in HRV between these two groups.
As seen, 38% and 17%, respectively, had low total sNN50 (p = 0.070),
and 38% and 19%, respectively, had low total sNN6% (p = 0.198).
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4. Discussion

In this long-term follow-up study, adults who had surgical VSD clo-
sure in early childhood have a significantly impaired HRV compared
with adults with small, hemodynamically insignificant VSDs and healthy
controls. It was also clear that HRV impairment is more pronounced in

patients with complete RBBB compared to those with no or incomplete
RBBB, although HRV in the latter group was still impaired compared to
unoperated patients and healthy controls. These novel findings add to
the increasing number of reports suggesting that surgical repair of VSD,
even when performed decades earlier, is associated with measurable
abnormalities of cardiopulmonary performance and challenge the notion
that the long-term outcome of such surgery is benign. Indeed, given that
anticipated survival of these patients may span many decades, it is
perhaps premature to suggest that they do not require specialist follow-
up [25–27].

While this proof-of-principle study was not designed to explore
mechanisms, our data suggest possible areas for future investigation.
As discussed above, we showed that postoperative RBBB has a
negative, independent effect on HRV. Our group has previously shown
that postoperative RBBB is associatedwith a blunted heart rate response
to exercise [28], and in a recently conducted review, chronotropic in-
competence was found to be more common in operated patients with
postoperative RBBB than in those without [29]. While it is possible
that there is a causal relationship between RBBB and these outcomes,
it is perhaps more likely that RBBB is a surrogate for other pathophysi-
ologic processes e.g. greater RV damage, worse RV function, and abnor-
mal HRV is, in turn, a reflection of underlying dysfunction rather than a
consequence of disturbed conduction. Indeed, there is increasing
evidence that even subtle degrees of RV dysfunction, in the absence of
conduction disturbance, is associated with abnormal HRV [19, 20].
Going along with this hypothesis, we also showed impaired HRV in pa-
tientswith no or incomplete RBBB.While clearly, we cannot address the
mechanisms underlying this suggestion, it is noteworthy that impaired

Table 1
Characteristics of participants with surgically closed VSDs, open VSDs and healthy
controls.

Closed VSDs
n = 30

Open VSDs
n = 30

Controls
n = 36

Demographics
Age, years 24 ± 2 27 ± 6 26 ± 5
Male sex, n (%) 17 (57) 17 (57) 18 (50)
Weight, kg 71 ± 12 75 ± 13 71 ± 11
Height, cm 174 ± 10 174 ± 9 175 ± 8
Body mass index, kg/m2 24 ± 3 25 ± 3 23 ± 3
Fat free mass, kg 54 ± 11 56 ± 12 56 ± 10

Smoking status
Non-smokers, n (%) 23 (77) 24 (80) 32 (89)
1–7 cigarettes/week, n
(%)

3 (10) 2 (7) 2 (6)

8–20 cigarettes/week,
n (%)

1 (3) 3 (10) 1 (3)

N21 cigarettes/week,
n (%)

3 (10) 1 (3) 1 (3)

Data reported as means ± standard deviations or absolute numbers and percentages of
patients.
VSD, ventricular septal defect.

Participants with an open 

VSD and age from  

18 to 40 years 

n = 491

Participants with a closed 

VSD operated between  

1990 and 1997 

n = 152

Assessed non-eligible 

n = 406

Assessed non-eligible 

n = 65

Participants eligible for 

participation 

n = 87

Participants eligible for 

participation 

n = 85

No response or participation 

declined  

n = 57

No response or participation 

declined  

n = 55

Participants with a closed 

VSD included in trial 

n = 30

Participants with an open 

VSD included in trial 

n = 30

Fig. 1. Patient flow chart Flow of VSD participants through the study period. VSD, ventricular septal defect.

90 J. Heiberg et al. / International Journal of Cardiology 274 (2019) 88–92


#*" #������#%�("#"H!#EC�3C�%��"�� ��D��#CA�D� �1��D��%#!�) �"��� 0�H��#!��H�� C�F��%�#"�/�"E�%H�
���	�	��
,#%�A�%C#"� �EC��#" H��2#�#D��%�EC�C�*�D�#ED�A�%!�CC�#"��)#AH%���D�I	�	���� C�F��%�."���(  �%���DC�%�C�%F���



HRV, characteristic of congestive heart failure, is associated withmodu-
lation of vagal tone [30] and abnormalities of adrenoreceptor responses
to endogenous stimulation [31].We cannot exclude amore direct effect
of surgery however. A number of studies, have shown that surgical VSD
closure is associated with persisting chronotropic impairment [32–34]
and this, in turn, has been ascribed to autonomic denervation in the
proximity of the aorta [35, 36].

No matter what the cause, impaired HRV can now be added to the
list of subtle, but potentially important, abnormalities that are seen in
the late follow-up of patients who have undergone repair of VSD in
early childhood. While the functional implications of these abnormali-
ties are minimal at present (the vast majority of patients are entirely
asymptomatic] it is unclear what impact these modest hemodynamic
burdens may have both cumulatively and when present over the
lifetime of our patients. Current recommendations suggest that these
patients do not require specialist follow-up [25–27]. However, we

would suggest that, on the basis of current evidence, these patients do
warrant continued (albeit intermittent) follow-up in adult congenital
heart clinics, not only for clinical surveillance, but also to facilitate
ongoing studies of the mechanisms of their potentially modifiable
pathophysiology.

4.1. Limitations

The median surgical age is higher then would be expected in con-
temporary cohorts, but nevertheless reflective of practice 25 years ago
and relevant to the large number of patients operated in that era. No
sample size calculation was performed for this substudy, hence, there
is a risk of reporting statistically significant but clinically irrelevant
results. However, we found a prevalence of low HRV that was more
than twice as high in the operated group than in the two other groups.
Similarly, due to the missing sample size calculation there is a risk of
type 2 errors, therefore, we urge caution in statistical interpretation,
particularly of the subdivision of VSD operated patients.

In conclusion, adultswhohad surgical VSD closure in early childhood
have a significantly impaired HRV compared with adults with small,
hemodynamically insignificant VSDs and healthy controls. Long-term
surveillance for possible clinically relevant sequalae, and future studies
of underlying mechanisms, with higher patient numbers and longer
period of follow-up, appears to be warranted.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.06.097.
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