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2.00) from 0.21 to 0.38 per 1000 adults, whereas the
prevalence of severe disease in children increased by only
22% (prevalence ratio for year 2000 versus year 1985, 1.22;
95% CI, 1.15 to 1.30) from 1.19 to 1.45 per 1000 children
over the same time period (Figure 3B). The highest increase
in prevalence occurred among adolescents 13 to 17 years of
age, followed by adults in the age group of 18 to 40 years
(Figure 4).

The prevalence of ASD increased at higher rates in
children compared with adults (Figure 5A), whereas that of
AVCD and TOF increased at higher rates in adults compared
with children (Figure 5B). The prevalence of VSD increased
at the same rate in both children and adults. The highest
increase in prevalence was among children with ASD and
adults with AVCD, with a !2-fold increase in prevalence
from 1985 to 2000 (prevalence for children with ASD, 3.3;
95% CI, 3.1 to 3.4; prevalence for adults with AVCD, 2.5;
95% CI, 2.2 to 2.8) (Figure 5).

Discussion
We report a population-based prevalence of CHD in children
observed for up to 18 years of life: 11.89 per 1000 for all
CHD and 1.45 per 1000 for severe disease in the year 2000.
Previous studies documented the prevalence of CHD among

infants using surveillance registries.3–5,12 Reported rates var-
ied from 4 to 10 per 1000 live births.3,4 For severe CHD, the
New England Infant Cardiac Registry reported a prevalence
of 1.5 per 1000.5 Referral-based participation may result in
overascertainment of severe disease and underascertainment
of mild lesions more likely to become manifest after the first
year of life. Not surprisingly, the population-based preva-
lence of CHD in children in this study is higher than
previously found. For severe CHD, which is expected to
become manifest in the first year of life regardless of the
ascertainment method, our results for children are in line with
the findings of others.5

The prevalence of CHD in adults has previously been
estimated1,2,8 but not measured. For the year 2000, we
determined a population prevalence of 4.09 per 1000 for all
CHD in adults. If we assume that the 15 425 patients
excluded from our sample represent a margin of error,
including them increases the overall prevalence of CHD in
adults to 6.02 per 1000. Extrapolating a prevalence of 4.09
per 1000 to a Canadian population of 24 million adults11 and
a US population of 209 million adults13 corresponds to
"96 000 patients in Canada and "856 000 patients in the
United States. Estimates of the number of adults with CHD
have been generated using prevalence at birth and estimated

Figure 2. Numbers and proportion of adults and children with all CHD (A) and severe CHD (B) in 1985, 1990, 1995, and 2000.
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age of the most rapidly growing segment of the CHD popula-
tion suggests that the next decades will witness an increas-
ingly older population of patients with not only severe CHD 
but comorbidity that is expected to add to the disease burden.13

Improved care, decreased mortality, and improved diag-
nosis over the life-span are likely contributors to the obser-
vation of an increasing prevalence of CHD. We and others 
have found a decrease in mortality of CHD patients, as 
documented in Canada, the United States, and other indus-
trialized nations.4,6,22 This decrease in mortality over time is 
likely an important contributing factor to an increasing pool 
of patients with prevalent CHD, especially for patients with 

severe CHD. For patients with mild forms of CHD, such as 
aortic and mitral valve disease, the rise in prevalence from 
childhood to adulthood is consistent with improvement in 
diagnostic techniques and presentation in adulthood, with an 
increased likelihood of being captured with longer observa-
tion periods. For example, bicuspid aortic valve is often not 
detected in childhood because the physical finding (a click) is 
subtle, and until stenosis or regurgitation develops, often not 
until adulthood, the diagnosis is not made. The reported rise 
in adults of mitral or tricuspid valve disease could be attribut-
able to progressive atrioventricular valve regurgitation after 
endocardial cushion defect repair. Recently, we have observed 
a significant decrease in mortality associated with the deliv-
ery of specialized care for adults with severe and other forms 
of CHD.23 These findings taken together provide the evidence 
base needed to improve quality of care for adults with CHD24 
to improve outcomes.

In the Quebec CHD database, we observed a prevalence 
of CHD in infancy of 8.21 per 1000 from 1998 to 2005 and 
8.12 per 1000 for the year 2010. Our results show that the 
2010 CHD prevalence in infancy was lower than the preva-
lence in childhood. The most likely explanation for this is 
related to ascertainment of mild CHD, which is often diag-
nosed later in childhood. Therefore, it is not surprising that 
with up to 18 years of follow-up in children, we captured 
higher rates of total CHD prevalence, which included both 

Figure 2. The lifetime prevalence of congenital heart disease in 
children and adults in Quebec, Canada, in 2010. 95%CI indicates 
95% credible interval.

Figure 3. The numbers and proportions 
of adults and children in Quebec, 
Canada, with all (A) and severe (B) 
congenital heart disease over time in 
2000, 2005, and 2010.
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Mortality Resulting From Congenital Heart Disease Among
Children and Adults in the United States, 1999 to 2006

Suzanne M. Gilboa, PhD; Jason L. Salemi, MPH; Wendy N. Nembhard, PhD;
David E. Fixler, MD; Adolfo Correa, MD, PhD

Background—Previous reports suggest that mortality resulting from congenital heart disease (CHD) among infants and
young children has been decreasing. There is little population-based information on CHD mortality trends and patterns
among older children and adults.

Methods and Results—We used data from death certificates filed in the United States from 1999 to 2006 to calculate
annual CHD mortality by age at death, race-ethnicity, and sex. To calculate mortality rates for individuals !1 year of
age, population counts from the US Census were used in the denominator; for infant mortality, live birth counts were
used. From 1999 to 2006, there were 41 494 CHD-related deaths and 27 960 deaths resulting from CHD (age-
standardized mortality rates, 1.78 and 1.20 per 100 000, respectively). During this period, mortality resulting from CHD
declined 24.1% overall. Mortality resulting from CHD significantly declined among all race-ethnicities studied. However,
disparities persisted; overall and among infants, mortality resulting from CHD was consistently higher among non-Hispanic
blacks compared with non-Hispanic whites. Infant mortality accounted for 48.1% of all mortality resulting from CHD; among
those who survived the first year of life, 76.1% of deaths occurred during adulthood (!18 years of age).

Conclusions—CHD mortality continued to decline among both children and adults; however, differences between
race-ethnicities persisted. A large proportion of CHD-related mortality occurred during infancy, although significant
CHD mortality occurred during adulthood, indicating the need for adult CHD specialty management. (Circulation.
2010;122:2254-2263.)

Key Words: epidemiology ! heart defects, congenital ! mortality ! race ! vital statistics

Among infants and young children, congenital heart
disease (CHD) is responsible for the largest proportion,

30% to 50%, of mortality caused by birth defects.1–4 Mortal-
ity resulting from CHD during infancy and childhood report-
edly is decreasing,5 and the prevalence of CHD among adults
is increasing.6,7 Until recently, limited population-based data
were available on CHD-related mortality through adult-
hood.8,9 Documentation of survival into middle age or beyond
is typically available only from clinical or surgical series.
Survival analyses based on birth defects surveillance system
records linked to data from death certificates have been useful
in understanding infant and child mortality but generally have
not examined mortality into adulthood or trends in CHD-
related mortality over time.10–14 Such information is needed
as a baseline for planning for and evaluating interventions to
decrease losses to specialty care follow-up among children
and adults with CHD15 and for ongoing monitoring of CHD
mortality among adults.

Editorial see p 2231
Clinical Perspective on p 2263

The aims of the present study were to examine recent
temporal trends in mortality resulting from CHD from 1999
to 2006, to explore differences in CHD mortality by race-
ethnicity (non-Hispanic [NH] whites, NH blacks or African
Americans [referred to as NH blacks], Hispanics, and other
NH race-ethnicities), and to determine whether CHD mortal-
ity has declined to the same extent among all race-ethnicities.

Methods
Multiple cause of death (MCOD) public-use data files are released
annually by the National Center for Health Statistics. These files
were derived from compiled data collected from all death certificates
issued in the United States for deaths occurring in the United States.
Deaths occurring outside the country in US citizens and members of
the US Armed Forces were excluded. The data files included
demographic and geographic information on all decedents, Interna-

Received February 17, 2010; accepted August 17, 2010.
From the National Center on Birth Defects and Developmental Disabilities, Centers for Disease Control and Prevention, Atlanta, Ga (S.M.G., A.C.);
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mortality crossover22,23 is seen for other causes of death;
compared with NH whites, NH blacks tend to have higher
mortality as infants and children and lower mortality as older
adults. Less severe CHD that does not cause early mortality
(but may be responsible for later mortality) may be diagnosed
less frequently in NH blacks (or Hispanics) than NH whites.
This might ultimately be reflected in differential misclassifi-
cation of UCOD by race-ethnicity. These analyses assumed
homogeneity within population subgroups and did not at-
tempt to separate out mortality patterns by place of birth (US
or foreign born), or among Hispanics, by country of origin.

Despite the analytic potential of MCOD,24 analyses using
death certificate data have limitations,25,26 and interpretation
of these results should be done with caution. We report on
results using the UCOD for most analyses. Unfortunately, the
UCOD was often nonspecific; 34% of all mortality resulting
from CHD was coded as unspecified CHD. Supplemental

analysis of the associated causes of death among this sub-
population showed I46.9 (cardiac arrest, unspecified) as the
most common associated cause of death. Other frequently
reported associated causes included I50.0 (congestive heart
failure), I49.9 (cardiac arrhythmia, unspecified), and P29.1
(neonatal cardiac dysrhythmia).

For the MCOD data files, the UCOD is selected using the
Automated Classification of Medical Entities, a computer
program developed by the National Center for Health Statis-
tics to standardize the assignment of the UCOD.27 Despite the
development of rules and decision tables to identify “accept-
able” causal relationships between cause of death codes to
ultimately select the correct UCOD, the data are imperfect
and are limited by what was recorded on the death certificate
itself. Compared with the gold standard of autopsy, one study
showed that death certificates had a 52% sensitivity for
recording mortality caused by myocardial infarction.26 This

Figure 1. Annual age-standardized mor-
tality resulting from CHD, by race-
ethnicity, United States, 1999–2006.

Figure 2. Age-specific mortality resulting
from CHD, by race-ethnicity, United
States, 1999–2006.
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a binary indicator of the period before and after the change 
point identified by the Joinpoint regression model (P<0.0001 
for rates of referral to specialized ACHD centers, and P<0.01 
for ACHD mortality rates).

The increase in referrals to specialized ACHD centers 
after 1997 was similar for those with severe and other CHD 
(severe CHD: RR +1.3% increasing to +5.6%; interaction 
P=0.008; other CHD: RR +2.1% increasing to +7.1%; 
interaction P<0.0001). In contrast, the reduction in ACHD 
mortality after 2000 was more marked in those with severe 
CHD (severe CHD: RR +4.0% decreasing to −5.0%; inter-
action P=0.07; other CHD: RR +1.8 decreasing to −5.0%; 
P=0.04).

Predictors of Death
We assessed the principal cause of death among hospital-
ized patients before (n=389) and after (n=165) the year 2000 
(Table 2). The distribution of the causes of death was not sig-
nificantly different between both periods (P=0.74). Congenital 
or cardiac causes accounted for the majority of deaths (40.6% 
versus 41.2%, P=0.90), with neoplasms and respiratory dis-
eases the second and third most frequent causes of death.

In the case–control study, ACHD referral center care was 
associated with lower odds of death, independent of comor-
bidity, age, sex, and CHD severity (OR, 0.82; 95% CI, 0.68–
0.97). An increased burden of comorbid disease (OR, 3.62; 
95% CI, 3.13–4.18), older age (OR, 1.98; 95% CI, 1.89–2.08), 

Figure 2. Time-series analysis: referral 
to specialized ACHD centers and ACHD 
patient mortality. Time-series analysis 
illustrating observed specialized ACHD 
center referral (black line) and ACHD 
mortality (grey line) per 1000 ACHD 
population per year, between 1990 and 
2005. The dashed lines indicate expected 
trends after the change points identified by 
Poisson regression, and the black or grey 
lines represent the observed trends. ACHD 
indicates adult congenital heart disease.

Table 1. Patient Characteristics and ACHD Care Centers in 2005

Referral Center 
Care (n=1708)

Nonreferral Center 
Care (n=667)

Mixed Care 
(n=102)

No Outpatient 
Cardiology Care 

(n=7559) P Value

Age, y 37.3  
(26.3–50.4)

47.3  
(32.6–57.5)

47.8  
(35.6–56.4)

34.0  
(24.4–46.8)

<0.001

Female 842 (49.3) 316 (47) 47 (46) 4711 (62) <0.001

CHD diagnosis

    Severe CHD 540 (31.6) 99 (14.8) 23 (22.6) 1094 (14.5) <0.001

  Shunts 533 (31.2) 265 (39.7) 43 (42.2) 3233 (42.8) <0.001

  Other 635 (37.2) 303 (45.4) 36 (35.3) 3232 (42.8) <0.001

Comorbid condition

  CHF 557 (32.6) 231 (34.6) 44 (43.1) 928 (12.3) <0.001

  PH 194 (11.4) 81 (12.1) 20 (19.6) 322 (4.3) <0.001

  AF 525 (30.7) 196 (29.4) 51 (50.0) 574 (7.6) <0.001

  Stroke 154 (9.0) 93 (13.9) 18 (17.7) 381 (5.0) <0.001

Associated genetic 
syndromes

55 (3.2) 20 (3.0) 2 (1.9) 208 (2.7) 0.573

Urban domicile 1482 (86.8) 523 (78.4) 86 (84.3) 6423 (85.0) <0.001

Average net individual 
income (Canadian 
dollars)

27 755 27 085 27 660 27 627 0.018

Data represent median and interquartile range or number and percentage. P values represent the differences among the 
groups and were calculated by using χ2 test or analysis of variance. AF indicates atrial fibrillation; CHD, congenital heart 
disease; CHF, congestive heart failure; and PH, pulmonary hypertension. 
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Geriatric Congenital Heart Disease
Burden of Disease and Predictors of Mortality

Jonathan Afilalo, MD, MSC,* Judith Therrien, MD,*‡ Louise Pilote, MD, MPH, PHD,†
Raluca Ionescu-Ittu, MSC,‡ Giuseppe Martucci, MD,‡ Ariane J. Marelli, MD, MPH‡

Montreal, Quebec, Canada

Objectives The study sought to measure the prevalence, disease burden, and determinants of mortality in geriatric adults
with congenital heart disease (ACHD).

Background The population of ACHD is increasing and aging. The geriatric ACHD population has yet to be characterized.

Methods Population-based cohort study using the Quebec Congenital Heart Disease Database of all patients with congeni-
tal heart disease coming into contact with the Quebec healthcare system between 1983 and 2005. Subjects
with specific diagnoses of congenital heart disease and age 65 years at time of entry into the cohort were fol-
lowed for up to 15 years. The primary outcome was all-cause mortality.

Results The geriatric ACHD cohort consisted of 3,239 patients. From 1990 to 2005, the prevalence of ACHD in older
adults remained constant from 3.8 to 3.7 per 1,000 indexed to the general population (prevalence odds ratio:
0.98; 95% confidence interval [CI]: 0.93 to 1.03). The age-stratified population prevalence of ACHD was similar
in older and younger adults. The most common types of congenital heart disease lesions in older adults were
shunt lesions (60%), followed by valvular lesions (37%) and severe congenital heart lesions (3%). Type of ACHD
and ACHD-related complications had a minor impact on mortality, which was predominantly driven by acquired
comorbid conditions. The most powerful predictors of mortality in the Cox proportional hazards model were: de-
mentia (hazard ratio [HR]: 3.24; 95% CI: 1.53 to 6.85), gastrointestinal bleed (HR: 2.79; 95% CI: 1.66 to 4.69),
and chronic kidney disease (HR: 2.50; 95% CI: 1.72 to 3.65).

Conclusions The prevalence of geriatric ACHD is substantial, although severe lesions remain uncommon. ACHD patients that
live long enough acquire general medical comorbidities, which are the pre-eminent determinants of their
mortality. (J Am Coll Cardiol 2011;58:1509–15) © 2011 by the American College of Cardiology Foundation

The prevalence of adults with congenital heart disease
(ACHD) is rising in the general population (1), and
healthcare utilization rates are high compared with non-
ACHD adults (2). Not surprisingly, the number of older
adults above age 65 years with ACHD is also rising, with
admission rates increasing by 30% for this group of
patients over the past 10 years (3). Furthermore, mortal-
ity rates in congenital heart disease have shifted away

from the young and towards adults, with a steady increase
in age at death (4).

In contrast to the younger ACHD population that has
attracted research interest over the last 2 decades, the
geriatric ACHD population has yet to be characterized.
Extrapolation of studies on younger patients is not appro-
priate. First, older adults with ACHD acquire comorbid
conditions that may play a significant role in their health
status. Second, geriatric ACHD patients may have inher-
ently superior resiliency, milder disease, or balanced physi-
ology in contrast to those not surviving to an advanced age
(5). Therefore, older adults with ACHD represent a distinct
population for which focused studies are needed. Global
disease burden is driving costs and outcomes in the United
States and Canada, thus becoming relevant to policymakers
and ACHD specialists. This is likely to have important
implications in planning for future allocation of resources in
this growing population.

Our objective was to analyze trends in numbers of older
adults with ACHD over the past 15 years and to identify
the determinants of mortality. In particular, the impact on
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Published by Elsevier Inc. doi:10.1016/j.jacc.2011.06.041lesion type (54.9% in shunts, 57.7% in valvular lesions, and

66.8% in severe lesions, log-rank p ! 0.09) (Fig. 3). After
adjusting for potential confounders, ACHD lesion type
remained a nonsignificant predictor of survival. Unadjusted
and adjusted predictors of all-cause mortality are shown in
Table 2.

Nine independent predictors of increased all-cause
mortality were identified, all of which had been classified

as acquired cardiovascular and general medical condi-
tions. In descending order of magnitude, these were
dementia (hazard ratio [HR]: 3.24; 95% CI: 1.53 to
6.85), gastrointestinal bleed (HR: 2.79; 95% CI: 1.66 to
4.69), chronic kidney disease (HR: 2.50; 95% CI: 1.72 to
3.65), heart failure (HR: 1.98; 95% CI: 1.65 to 2.38),
diabetes mellitus (HR: 1.76; 95% CI: 1.45 to 2.13),
chronic obstructive pulmonary disease (HR: 1.67; 95%
CI: 1.31 to 2.12), cancer (HR: 1.43; 95% CI: 1.17 to

Figure 1 Flow Diagram for Derivation of Study Cohort

The geriatric CHD cohort included patients with a confirmed diagnosis of congenital heart disease (CHD) who were 65 years of age at any point between 1990 and 2005.

Figure 2 Trends in Prevalence of ACHD in Different Age
Groups

In 2005, the prevalence of ACHD was 3.7 per 1,000 in the elderly and 4.2 per
1,000 in nonelderly adults. Using 1990 as a reference, the prevalence
remained constant in the elderly (prevalence odds ratio: 0.98; 95% confidence
interval [CI]: 0.93 to 1.03), whereas it increased in nonelderly adults (preva-
lence odds ratio: 1.37; 95% CI: 1.34 to 1.40).

Figure 3 Kaplan-Meier Curves for Unadjusted All-Cause
Mortality

The 15-year survival was 56%; 67% for patients with severe lesions, 55% for
patients with shunts, and 58% for patients with valvular lesions (log-rank
p!0.09).
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cardiac operation in 25 patients (Fontan-revision/conversion 
related surgery in 6, tricuspid valve surgery in 5, pulmonary 
valve replacement in 4, aortic surgery in 4, and other/complex 
surgery in 5). In addition, 1 Eisenmenger patient died early 
after heart-lung transplantation, whereas 4 patients succumbed 
to complications related to cardiac interventional procedures.

Table 2 provides an overview over the causes of death in this 
population. It illustrates that the leading cause of mortality in 
our cohort was chronic cardiac failure, followed by pneumonia 
and sudden cardiac death. Remarkably, cardiac surgery/cardiac 
intervention related mortality ranked only 5th in this statistic, 
after pneumonia and cancer. The same table also demonstrates 
the relatively high proportion of patients dying from noncar-
diac causes such as cancer, hemorrhage (56% cerebral, 19% 
pulmonary, 11% gastrointestinal), infection, or cerebrovascular 
events. In addition, we provide the percentage of patients dying 
because of aortic dissection or hepatic failure, both recognized 
causes of mortality in selected subgroups of patients with CHD.

With increasing patient age, the proportion of patients dying 
because of cardiac reasons (despite the inclusion of acute myo-
cardial infarction) decreased and, by implication, proportionally 
more patients died because of competing noncardiac causes 
(Figure 1A). This association was especially evident in patients 
with simple defects (Figure 1B). In addition, Figure 2A shows 
the association between increasing age and cancer- or pneumo-
nia-related deaths based on the results of a competing risk sur-
vival analysis. Regarding reasons for cardiac death, especially 
the risk of heart failure–related death and that of acute myocar-
dial infarction–related mortality, increased with age (Figure 2B).

Survival in the entire ACHD cohort was significantly 
worse compared with the expected mortality for an age and 

gender matched sample from the general UK population 
(SMR, 2.29; 95% CI, 2.08–2.53; Logrank P<0.0001). There 
were, however, significant differences in mortality between 
subgroups of patients (Logrank P<0.0001; see Figure 3 and 
Figure I in the online-only Data Supplement). The SMR was 
highest in patients with Fontan circulation (SMR, 23.40; 95% 
CI, 15.97–34.29; P<0.0001), complex CHD (SMR, 14.13; 
95% CI, 10.71–18.64; P<0.0001), and Eisenmenger syndrome 
(SMR, 12.79; 95% CI, 9.67–16.91; P<0.0001). In contrast, 
no significant difference in mortality was present in patients 
with ductus arteriosus and atrial or ventricular septal defects 
when compared with the general UK population (P>0.05, for 
all). The SMRs based on the Bethesda classification11 were 1.3 
(95% CI, 1.1–1.5), 2.2 (95% CI, 1.8–2.3), and 10.9 (95% CI, 
9.3–12.8) for patients with simple, moderate, and great com-
plexity heart defects (P<0.001 for all). In addition, NYHA 
functional class was associated with prognosis for the over-
all cohort. The SMR increased from 1.6 (95% CI, 1.3–1.9; 
P<0.0001) for class 1, to 3.6 (95% CI, 3.0–4.2; P<0.0001) for 
class 2 and 4.6 (95% CI, 3.6–6.0; P<0.0001) for class 3 or 4.

Based on the fitted SMR models we calculated pre-
dicted 5-year risk of death for each diagnostic subgroup for 
hypothetical 40-year-old patients with CHD. These mortal-
ity risks were compared with the projected risk of the gen-
eral population to obtain an ‘equivalent age’ with regards 
to mortality risk for each ACHD subgroup (Figure 4). For 
example, a 40-year-old average patient with Fontan physi-
ology from our cohort had a 5-year risk of death (18.0%; 
95% CI, 11.9–24.6%) comparable with that of a 75-year-
old person without CHD. In addition, Figure 5 illustrates 
the equivalent age for the different diagnostic groups and 

Table 2. Distribution of Causes of Death in Different Diagnostic Subgroups and Overall

Rank Cause of death
Aortic 

coarctation ASD AVSD
Complex 

CHD Ebstein Eisenmenger Fontan
Marfan 

syndrome PDA
Systemic 

RV
Tetralogy 
of Fallot

TGA 
arterial 
switch

Valvular 
disease VSD

All 
patients

1 Heart failure 31% 28% 57% 57% 38% 45% 52% 30% 50% 66% 40% — 40% 39% 42.5%

2 Pneumonia 8% 17% 7% 2% — 16% — 5% — — 18% — 17% 6% 10.2%

3 Sudden cardiac 
death

— — 14% 11% — 9% 13% 5% — 13% 6% 33% 6% 11% 7.0%

4 Cancer 11% 14% 7% — 13% — 3% 25% 50% — 4% — 2% 22% 6.3%

5 Cardiac Surgery/
Intervention

11% 2% 7% 5% 19% 2% 19% 5% — 9% 12% — 1% — 6.1%

(Cardiac surgery, 
peri-op)

(5%) (1%) (7%) (1%) (17%) (2%) (18%) (5%) (—) (6%) (11%) (—) (1%) (—) (4.8%)

6 Hemorrhage 8% 6% — 8% — 9% 3% 5% — — — — 7% 11% 5.5%

7 Sepsis/infection — 8% — 6% 6% 3% 3% — — — 8% — 4% 11% 4.5%

8 Cerebrovascular 8% 8% 7% — 6% 5% — — — 3% — — 7% — 4.1%

9 Acute myocardial 
infarction

6% 5% — 3% — — — — — 3% 8% 33% — — 2.7%

10 Endocarditis — — — 2% 6% 2% — 10% — — 4% — 1% — 1.6%

.. Aortic dissection 11% 2% — — — — — 5% — — — — 1% — 1.4%

.. Hepatic failure — 5% — — 6% — 3% — — 3% — — 1% — 1.4%

only 2 
deaths

only 3 
deaths

The ‘Cardiac-Surgery/peri-op’ row provides information on mortality related specifically to adult congenital heart surgery. ASD indicates atrial septal defect; AVSD, 
atrioventricular septal defect; CHD, congenital heart disease; PDA, patent ductus arteriosus; RV, right ventricle; TGA, transposition of the great arteries; and VSD, 
ventricular septal defect.
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various ages in comparison to that observed in persons with-
out congenital heart disease.

Discussion
Our data provide a contemporary overview over the causes of 
mortality in ACHD patients followed at a large, established 

supraregional center. In comparison with previous reports a 
shift from perioperative death related to ACHD surgery to 
long-term cardiac and especially noncardiac mortality was 
evident. Moreover, long-term survival prospects of patients 
with simple, isolated congenital defects were found to be 
excellent and not statistically different from those expected 

Figure 1. Cumulative incidence of cardiac and noncardiac death with 95% confidence intervals (dotted line) for (A) the entire study cohort 
and (B) stratified by disease complexity according to the Bethesda classification based on the results of competing risk model. CHD 
indicates congenital heart disease.
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is, however, similar to that seen in previous studies.4,5,13 It is 
likely that frequency of heart failure is increasing in ACHD 
patients,15 and—given the increasing complexity of disease as 
well as the growing incidence of comorbid conditions—more 
patients present with advanced forms of heart failure. On the 
other hand, progress in the management of advanced heart 
failure in ACHD has been slow and arguably unsatisfactory. 
The fact remains that standard heart failure therapy has still 
an unproven and possibly limited effect in this heterogeneous 
group of patients,16–18 whereas novel therapeutic options such 
as cardiac resynchronization therapy and assist systems have 
had a limited uptake so far. In contrast, sudden cardiac death 
rate was lower in the present study compared with previous 
reports, probably as a result of better risk stratification19–21 and 
more liberal use of implantable cardiac defibrillators in the 
current era.7 The most remarkable finding, however, was the 
relatively large proportion of patients dying due to noncar-
diac complications, including cancer, cerebrovascular disease, 
infection, and pneumonia. This is consistent with previous 
data published by Khairy et al,7 Afilalo et al,22 and our group.23 
Presumably as a consequence of the aging ACHD population 
the main causes of mortality are changing. Similar to these 
previous studies we could confirm that, with increasing age, 
the proportion of patients succumbing to myocardial infarc-
tion increases. However, we could not confirm that acute 
myocardial infraction was a leading cause of death, either in 
noncyanotic patients as a whole, or in a specific subgroup of 
patients. This is in contrast to a population-based US study, 
reporting acute myocardial infraction as the leading cause of 
death in elderly noncyanotic ACHD patients.24

It is not surprising that survival prospects of ACHD 
patients are inferior to those observed in the general popula-
tion. However, Figure 3 illustrates that especially Fontan, 
Eisenmenger syndrome, and complex CHD patients have 
greatly increased mortality rates. In contrast, simple defects 
were not found to fare significantly worse in terms of survival 
compared to the general population. We believe our findings 
are a testimony to the advance in the CHD field, represent the 
challenges ahead and may help to identify subgroups of patients 
where current and future research efforts need to be intensified.

Discussing life expectancy issues and short- to midterm 
risk of death with patients can be challenging. Beyond, obvi-
ous psychological barriers and anxiety associated with this 

Figure 3. Standardized mortality ratios (SMR) in 
various subgroups of patients. Points present the 
SMR, and horizontal lines the 95% confidence 
interval range. An SMR of 1 suggests that patients 
have comparable mortality as a sex- and age-
matched sample from the general population. ASD 
indicates atrial septal defect; AVSD, atrioventricular 
septal defect; CHD, congenital heart disease; 
PDA, patent ductus arteriosus; RV, right ventricle; 
TGA, transposition of the great arteries; and VSD, 
ventricular septal defect.

Figure 4. Projected 5-year mortality rates for 40-year-old ACHD 
patients compared with that expected for the general UK 
population based on the results of the standardized mortality 
ratio (SMR) analysis. Points present the estimated mortality 
within 5 years (on the x axis) and also indicate the equivalent 
age—expressed as the age of subgroup of UK population with 
the most similar 5-years mortality (y axis). Red lines represent 
95% confidence intervals for the 5-year mortality. The black 
curve presents 5-year mortality for the UK-population based 
on life table data. ASD indicates atrial septal defect; AVSD, 
atrioventricular septal defect; RV, right ventricle; and VSD, 
ventricular septal defect.
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difficult subject, there may also be a cognitive problem in 
understanding risks. One of the key deliverables of the current 
report is, therefore, the data on equivalent ages. The mortal-
ity of ACHD patients can be illustrated by comparing it with 
that observed in people without heart disease. Although the 
equivalent ages for simple lesions are comparable or only 
slightly (and nonsignificantly) elevated compared with those 
of the general public, patients with complex, univentricular, or 
uncorrected lesions had highly elevated values. For example, 
an average Fontan 40-year-old patient in our study had mor-
tality rates comparable with those expected in a 75-year-old 
individual. We contend that, unlike SMRs and Cox regres-
sion-model derived hazard ratios, these numbers are useful 
for counseling patients because they should be intuitively 
clear to anybody. Furthermore, unlike percentages or ratios 
of mortality equivalent ages implicitly express the stochastic 
nature of such estimates. Beyond, direct medical applications, 
these data could also be useful for example for (life) insurance 
purposes.

Strength of the Current Report
To the best of our knowledge, the current report represents 
the largest single center study assessing the causes of mor-
tality in contemporary patients (70 967 patient-years versus 
25 900 patient years in a previous nationwide registry study). 
This is explained by the relatively long history and the well-
established nature of our center. Compared with a previously 
published national registry database (6933 patients, 197 
deceased)5 and a pan-European registry study (4110 patients, 
115 deceased),25 a group of 524 deceased patients formed the 
statistical basis of the current report. In addition, unlike reg-
istry data we had access to the entire medical/surgical data-
base of the patients and could clarify equivocal information 
based on original medical records. This approach has been 
described to improve data quality and reliability of mortality 
data in the setting of ACHD.26 The mortality data presented 
here are based on official death certificates complimented by 
additional information available to us and should, therefore, 

provide robust estimates of the causes of mortality. A further 
theoretical advantage of this single center study is the consis-
tent approach with a shared diagnostic and therapeutic strat-
egy used over time.

Limitations
Because this represents a single-center retrospective study, the 
sample of patients included may not necessarily represent the 
pattern of ACHD patients present in the community. Studying 
long-term outcomes of community based ACHD patients is, 
therefore, a recognized strength of registry based studies. Like 
all similar studies, the distinction between the primary cause 
of death is not always unequivocal (eg, pneumonia, which 
may be a consequence of cardiac pulmonary congestion). 
However, all causes of deaths were checked for plausibility 
through comparison with our clinical database and especially 
the data on surgical mortality is cross validated with informa-
tion from our clinical/official surgical audit to improve data 
quality and minimize the number of patients with death due to 
unspecified reasons. The proportion of patients dying periop-
eratively is not equivalent to surgical mortality. Formally, the 
former is a function of surgical mortality, competing risks of 
deaths, and the number of operations performed. Therefore, 
this parameter cannot be compared directly with other stud-
ies reporting specifically surgical mortality rates. However, it 
can be compared with previous studies investigating circum-
stances of death in ACHD patients, in general, using the same 
metric.4,5,13 Estimates of mortality provided are for average 
patients stratified by diagnosis. Therefore, individual patients 
may exhibit different mortality, depending on additional fac-
tors specific to the patient. Furthermore, the average age and 
median age at death was different between the diagnostic 
groups. Especially for the young patients with arterial switch 
TGA it may be premature to extrapolate to mortality risks at 
older age and these data should, therefore, interpreted with 
caution.

Conclusions
The current report confirms that ACHD patients continue to 
be afflicted by increased mortality compared with general 
population as they grow older. Highest mortality rates were 
observed among patients with complex ACHD, Fontan physi-
ology, and Eisenmenger syndrome. Our contemporary data 
show a clear shift from perioperative to chronic cardiac mor-
tality and noncardiac death.
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Figure 5. Mortality in subgroups of patients compared with 
mortality in age-matched UK population. Numbers on the colored 
surface present the equivalent age—expressed as the age of 
subgroup of UK population, having similar 5-year mortality rates. 
Colors reflect the difference between the relative age and the 
actual age of patients. The curved line corresponds to the 5-year 
risk of death of the general UK population according to life table 
data. ASD indicates atrial septal defect; AVSD, atrioventricular 
septal defect; CHD, congenital heart disease; RV, right ventricle; 
and VSD, ventricular septal defect.

 at Harvard University on February 27, 2016http://circ.ahajournals.org/Downloaded from 



8  Seminars in Cardiothoracic and Vascular Anesthesia XX(X)

shown to be beneficial in adult HF failure patients, no 
such evidence exists for ACHD patients.49,50 In the most 
recent trial, losartan, an angiotensin II receptor antagonist, 
administered to 2-ventricle patients with a systemic RV 
(either C-TGA or D-TGA and an atrial switch procedure) 
did not improve exercise tolerance or reduce NT-pro-BNP 
levels.50 Similarly, β-blocker use, a mainstay of traditional 
HF management, has neither been well studied nor shown 
to be effective in the ACHD HF population.51

Whereas both AICD (an implantable cardioverter-
defibrillator) implantation for primary prevention of sud-
den cardiac death and cardiac resynchronization therapy 
(CRT) are of proven benefit in the adult-acquired HF pop-
ulation, indications for these therapies in the ACHD popu-
lation remain poorly defined.52,53 In adults without CHD, 
CRT is a class 1 (level of evidence A) therapy in NYHA 
functional class III patients in sinus rhythm with a left-
ventricular EF ≥35% and a QRS ≥120 ms.54 In compari-
son, the efficacy of CRT for ACHD patients with HF has 
not been systematically investigated, and its use is not cur-
rently recommended in international guidelines.55 What 

information is available is derived from case reports, retro-
spective analyses, and small cross-over trials with limited 
follow-up.53,56,57 Patients with repaired TOF and right-
bundle branch block have a physiological substrate, in the 
form of mechanical and electrophysiological abnormali-
ties, that benefits from CRT in an experimental model.58 
CRT in TOF patients with RV and LV dysfunction has 
been associated with acute hemodynamic improvement 
and with improvement in EF, mirroring the reduction in 
QRS duration in short-term follow-up studies.57 The sub-
set of single-ventricle patients with mechanical dyssyn-
chrony despite a narrow QRS duration appear, with the 
limited evidence currently available, to derive some clini-
cal benefit from CRT.57 The results of studies investigat-
ing the clinical benefit of CRT in patients with a failing 
systemic RV are mixed with improvement seen in younger 
as opposed to older patients.53,57 CRT may have a role  
in preventing progression of ventricular dysfunction in 
ACHD patients but this remains to be demonstrated.53 
Finally, conventional CRT normally requires placement of 
a transvenous RV lead and a transvenous LV lead via the 

Figure 4. Comparison of functional capacity (peak VO
2
) in an adult congenital heart disease cohort (mean age = 33 years) as 

compared with a traditional heart failure cohort (mean age = 59 years). Note the striking similarity between the 2 groups as 
regards the distribution of heart failure symptoms and functional capacity (from Diller et al,32 with permission)
Abbreviation: NYHA, New York Heart Association.
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status, and the degree of LV dysfunction.1,34 In the most 
comprehensive study to date in the ACHD population, 
significant stepwise elevations in norepinephrine, 
endothelin-1, BNP, and atrial natriuretic peptide (ANP) 
were seen in relation to symptoms (NYHA class) and 
echocardiographically determined ventricular function.34 
This relationship existed independent of anatomical sub-
type consistent with the fact that HF, regardless of the 
anatomical cause, produces a characteristic neurohor-
monal profile. More recently, increasing NT-pro-BNP 
levels were seen to correlate directly with reductions in 
RV EF in a cohort of atrial switch patients.35 In a cohort 
of 49 ACHD patients with a mean age of 34 years, fol-
lowed for a median interval of 8 years, elevated ANP and 
NT-pro-BNP levels (>146 pg/mL and >78 pg/mL, respec-
tively) were both robust predictors of mortality.36 Of 
these patients, 79% were NYHA class I or II, demonstrat-
ing the relatively occult nature of significant ventricular 
dysfunction in this population.

Exercise Capacity
Cardiopulmonary exercise testing has emerged as a valu-
able tool in predicting morbidity and mortality in the 
ACHD population in patients with specific lesions such as 
TOF,37 atrial switch procedures for D-TGA,25 and Fontan 
circulation38,39 as well as in the entire ACHD cohort.32,40,41 
Exercise capacity is reduced in the vast majority of ACHD 
patients, including those who are asymptomatic, and HF 
classification underestimates the severity of objective 
exercise intolerance.32 Figure 3 illustrates that virtually 
the entire cohort of ACHD patients has a functional capac-
ity, defined as peak oxygen consumption (VO

2
), well 

below the age-matched control mean value of 45 mL/kg/
min.32 This is true for both symptomatic (mean peak  
VO

2
 = 21 mL/kg/min) and asymptomatic (mean peak  

VO
2
 = 26 mL/kg/min) patients. Many of the patients have a 

peak VO
2
 <14 mL/kg/min, which is a major objective crite-

rion used to determine eligibility for cardiac transplanta-
tion.42 In fact, as shown in Figure 4 the entire cohort of 
ACHD patients with a mean age of 33 years has a distribu-
tion of HF symptoms and functional capacity identical to that 
of the conventional adult HF population with a mean age of 
59 years.32 As would be expected, the subgroups with the 
highest incidence of HF tended to have the lowest peak VO

2
.

The minute ventilation (V
E
) to carbon dioxide produc-

tion (VCO
2
) slope (V

E
/VCO

2
) derived during cardiopulmo-

nary exercise testing is elevated as ventilatory efficiency 
decreases. Elevations in slope are seen in patients with TOF, 
HF, and pulmonary hypertension secondary to pulmonary 
blood flow maldistribution and ventilation/perfusion mis-
match. This elevation is associated with an increased risk of 
mortality.43,44 In Fontan patients, elevations in slope are 
intrinsic to the physiology of nonpulsatile pulmonary blood 

flow and are not predictive of mortality in this population.38 
This contention is supported by the fact that fenestration 
Fontan closure, with elimination of intracardiac right to 
left shunting and chemoreceptor-driven increases in V

E
 

from delivery of blood high in CO
2
 to the arterial circuit, 

improves but does not normalize the V
E
/VCO

2
 slope.45

The etiology of impaired exercise capacity is multifac-
torial and to some extent lesion specific. Chronotrophic 
incompetence, as defined by the chronotrophic index, is 
common in ACHD patients and is associated with increased 
mortality.40 Oxygen pulse, defined as VO

2
/HR, is a surro-

gate measure of stroke volume and is depressed in patients 
with impaired ventricular function and in Fontan patients 
even in the absence of ventricular dysfunction.43,46 This is a 
reflection of the inability of the Fontan circulation to 
deliver adequate increases in preload to the systemic ven-
tricle during exercise.47 Finally, ACHD patients systemati-
cally severely overestimate their actual measured exercise 
capacity.48 This may be a consequence of a lifetime of 
diminished capacity perceived of as normal.

Heart Failure Treatment
Whereas therapy with digoxin, angiotensin-converting 
enzyme inhibitors, angiotensin II receptor antagonists, 
β-blockers, and aldosterone antagonists have all been 

Figure 3. Histogram demonstrating the distribution of peak 
oxygen consumption during exercise (VO

2
) in a cohort of 

adults with congenital heart disease. For comparison, the age-
matched control value of 45 mL/kg/min should be noted (from 
Diller et al,32 with permission)
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associated with these. Various clinical biomarkers are asso-
ciated with ADHF mortality in ACHD patients. The most 
prominent mortality predictors in biomarker profiles may 
vary according to differences in ventricular physiology and 
systemic ventricle morphology.

Keywords Congenital heart disease · Neurohormones · 
Inflammatory cytokine · Brain natriuretic peptide · 
Systemic morphologically right ventricle

Introduction

In many studies, a complex interplay among cardiac bio-
markers of inflammation, oxidative stress, extracellular-mat-
ric remodeling, neurohormones, myocyte injury, and myo-
cyte stress is implicated in the pathogenesis of heart failure 
caused by acquired heart diseases, such as angina pectoris, 
acute coronary syndrome, and valvular disease [1]. These 
biomarkers have proven useful in the prognosis of heart fail-
ure in acquired heart disease. Recent studies have shown 
that elevated levels of brain natriuretic peptide (BNP), nor-
epinephrine (NE), endothelin-1 (ET-1), and plasma renin 
activity (PRA) correlate with clinical variables, including 
the New York Heart Association (NYHA) class rating, age, 
gender, ejection fraction, exercise capacity, and hemodynam-
ics, in adult congenital heart disease (ACHD) patients with 
various types of cardiac physiology [2, 3]. Although previ-
ous studies of ACHD patients have shown that levels of BNP 
and NE are strongly related to the mortality risk of heart fail-
ure, the effect of neurohormonal and inflammatory activa-
tion of biomarkers on mortality caused by acute decompen-
sated heart failure (ADHF) in congenital heart disease, and 
changes in biomarkers in physiological ventricle or systemic 
morphological ventricle differences are unclear [2–5].

Abstract Although there are many biomarkers for heart 
failure, limited data are available regarding their prognostic 
value in adult congenital heart disease (ACHD). We investi-
gated the potential of various biomarkers to predict ACHD 
mortality in a single-center, retrospective cohort study. 
Blood levels of neurohormones [angiotensin II, endothe-
lin-1 (ET-1), norepinephrine (NE), aldosterone, and plasma 
renin activity]; inflammatory biomarkers [high-sensitivity 
C-reactive protein (hs-CRP), high-sensitivity tumor necro-
sis factor, soluble TNF receptor type I and II (sTNF-RI 
and sTNF-RII), and interleukin-6 (IL-6)]; and brain natriu-
retic peptide (BNP) were measured in 103 ACHD patients 
(median age 28 years). Subjects were divided into patients 
with single-ventricle physiology (SV group, n = 61) and 
those with two-ventricle physiology (TV group, n = 42); 
and into patients with a systemic right ventricle (SRV 
group, n = 25) and those with a systemic left ventricle 
(SLV group, n = 78). During a median follow-up period of 
6.5 years, 12 patients (11 %) died of acute decompensated 
heart failure (ADHF). Predictive biomarkers, which are 
related to the New York Heart Association class and car-
diothoracic ratio, were as follows: elevated levels of BNP, 
ET-1, sTNF-RI, NE, and IL-6 in the overall patient group; 
IL-6, NE, hs-CRP, BNP, and ET-1 in the TV group; BNP 
and ET-1 in the SV group; BNP, NE, hs-CRP, sTNF-RI, 
IL-6, and ET-1 in the SLV group. Elevated levels of ET-1 
in SRV groups were slightly although not significantly 
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by fellowship training (cardiac or pediatric), frequency of 
providing care for cardiopulmonary bypass cases, and fre-
quency of providing care for patients <2 years of age, the 
level of knowledge and comfort among anesthesia provid-
ers for the care of ACHDs was low. The authors suggested 
that anesthesia providers may benefit from improved train-
ing and protocols for managing ACHDs.

Type of Cardiac Surgeon
The type of cardiac surgeon performing a cardiac surgical 
procedure has been shown to have an effect on outcome. 
Using a nationwide inpatient sample, Karamlou et al23 
found that in-hospital death rates for ACHDs were signifi-
cantly lower when the operation was performed by a spe-
cialized pediatric heart surgeon (1.87%) versus a surgeon 
who performs pediatric cardiac procedures but whose pri-
mary focus is adult cardiac surgery (4.84%). The survival 
advantage also increased as an individual surgeon’s annual 
percentage of pediatric heart operations increased.

Pediatric Versus Adult Hospital
It is possible that hospital-level characteristics may have 
contributed to the superior outcomes of pediatric heart sur-
geons.23,24 Factors may include the support provided by 
multidisciplinary teams, specialized cardiac ICUs, and 
pediatric cardiac anesthesiologists.25 Kim et al26 found that 
pediatric hospitals with high ACHD surgery volume had 
the lowest inpatient mortality. Risk factors for death in this 

study were “older” adults (25 to 49 years), male gender, 
higher surgical risk categories, and government-sponsored 
insurance. In a single-center report of ACHDs undergoing 
a more complex range of procedures performed by pediat-
ric cardiothoracic surgeons, the overall mortality was 4.7% 
with risk factors that included chronic lung or liver dys-
function, prolonged CPB and aortic cross-clamp times, 
and higher postoperative inotrope scores.27 These findings 
support initiatives to develop dedicated ACHD centers 
incorporating surgeons with specialization in pediatric car-
diac surgery and referral of moderate to complex patients 
to centers with a high volume of ACHD surgery.

Transcatheter Interventions
Transcatheter interventions play a significant role in adults 
as part of the medical and surgical management of con-
genital defects with or without heart failure.28 Interventional 
cardiac catheterization can be a definitive treatment or a 
means of improving the patient’s physical status prior to 
elective surgical procedures. The most frequent defects 
amenable to transcatheter procedures are atrial septal 
defect (ASD), ventricular septal defect, patent ductus arte-
riosus, tetralogy of Fallot (TOF) with or without pulmo-
nary atresia, and left-sided obstructive lesions such as 
coarctation of the aorta and aortic stenosis. Some of these 
defects are discussed below.

Interventional catheterization also includes the manage-
ment of arrhythmias in the electrophysiology laboratory. 
All arrhythmias may be encountered in ACHDs. These can 

Figure 3. Perioperative considerations for adults with congenital heart disease.
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Adults or Big Kids: What Is the Ideal Clinical
Environment for Management of Grown-Up
Patients With Congenital Heart Disease?
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Background. Initiatives to develop Adult Congenital
Centers for management of grown-up congenital heart
disease (GUCH) patients (aged >18 years) have widened
without evidence identifying the ideal clinical environ-
ment. To elucidate the optimum care paradigm, we
investigated whether mortality for patients with GUCH
was influenced by the type of hospital where they had
surgery, children’s specialty hospital (CH) versus general
hospital (GH), and by the clinical focus of the surgeon,
congenital heart surgery (CHS) or noncongenital (adult
acquired) heart surgery (NCHS).

Methods. In the Nationwide Inpatient Sample 1988–
2003, we identified index procedures in patients 18 or
more years of age within 12 congenital cardiac disease
diagnostic groups. The CHS surgeons were defined as
those whose annual practice volume consisted of more
than 75% pediatric cardiac operations. Four clinical envi-
ronment combinations were constructed: CH plus CHS,
CH plus NCHS, GH plus CHS, and GH plus NCHS.
Years were grouped into quartiles to identify trends in
management over time.

Results. In all, 29,070 operations occurred at GH and
10,971 occurred at CH. Unadjusted in-hospital mortality
was lowest in the CH plus CHS environment (1.14%),

and highest for in the GH plus CHS environment (9.93%;
p < 0.001). After risk adjustment for patient factors, the
CH plus CHS environment remained optimum, whereas
the other three environments increased the risk of in-
hospital death (GH plus NCHS: odds ratio 2.4 [95%
confidence interval: 0.9 to 6.2]; CH plus NCHS: odds ratio
2.4 [95% confidence interval: 0.9 to 6.5]; GH plus CHS:
odds ratio 9.1 [95% confidence interval: 3.0 to 27.6]). Over
the study period, there was a dramatic rise in the number
of GUCH patients treated in GH plus NCHS and CH
plus NCHS, suggesting that the shift in clinical environ-
ment was provider specific rather than hospital-type
specific.

Conclusions. Case mix varies with the clinical environ-
ment, with more complex procedures performed at GH
plus CHS. The optimal environment for complex GUCH
surgery involved CHS operating within CH. Initiatives to
develop adult congenital centers dedicated to the care of
GUCH patients are warranted, and should include con-
genital heart surgeons operating in a setting mimicking
children’s hospitals.

(Ann Thorac Surg 2010;90:573–9)
© 2010 by The Society of Thoracic Surgeons

Owing to the improved outcomes for congenital heart
surgery in the neonatal period, there is an increas-

ing number of patients who are grown-ups with congen-
ital heart disease (GUCH) [1–5]. The best estimates of the
current population of GUCH patients came from the

32nd Bethesda Conference held in 2000, which projected
that nearly 787,800 adult patients were living with con-
genital heart disease [1]. Many GUCH patients require
ongoing specialized care and surgical intervention, and
despite the notion of “adulthood,” GUCH patients still
offer unique physiologic and anatomic challenges consis-
tent with congenital rather than adult acquired heart
disease. However, as adults, GUCH patients may have
important comorbidities such as renal failure, peripheral
vascular disease, chronic obstructive pulmonary disease,
deep venous thrombosis, and substance abuse, which are
uncommon among children [6–8]. Rossano and col-
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Background. One of the current controversies in the
field of adult congenital heart disease is whether patients
should be cared for at an adult or pediatric facility and by
an adult or pediatric heart surgeon. After transitioning
our program from the children’s hospital to the adult
hospital, we analyzed our experience with each system.

Methods. Between 2000 and 2007, 303 operations were
performed on adults (age > 18 years) with congenital
heart disease. One hundred eighty-five operations were
performed in an adult hospital and 118 in a pediatric
hospital. Forty-six operations were performed by an
adult heart surgeon and 257 by a congenital heart
surgeon.

Results. Mean age, coexisting medical problems, and
preoperative risk factors were higher in both the adult
hospital group and adult surgeon group compared with
the respective pediatric groups. Mortality was similar at
the adult and pediatric hospitals (4.3% versus 5.1%), but

was markedly higher in the adult surgeon group com-
pared with the pediatric surgeon group (15.2% versus
2.7%; p ! 0.0008). By multivariate analysis, risk factors
for mortality included older age at the time of surgery
(p ! 0.028), surgery performed at a children’s hospital
(p ! 0.013), and surgery performed by an adult heart
surgeon (p ! 0.0004).

Conclusions. Congenital heart surgery can be per-
formed in adults with reasonable morbidity and mortal-
ity. Caring for an anticipated aging adult congenital
population with increasingly numerous coexisting med-
ical problems and risk factors is best facilitated in an
adult hospital setting. Also, when surgery becomes nec-
essary, these adult patients are best served by a congen-
ital heart surgeon.

(Ann Thorac Surg 2009;87:833–40)
© 2009 by The Society of Thoracic Surgeons

The increasing number of adult patients with congen-
ital heart disease and the better survival of patients

with complex disease into adulthood have increased the
need for specific programs that are able to provide
comprehensive care to these patients [1]. One of the
current controversies in the field of adult congenital heart
disease is whether these patients should be cared for at
an adult or pediatric hospital and by an adult or pediatric
heart surgeon.

Clearly, there are advantages and disadvantages of
each system. The obvious benefit of the pediatric system
is the familiarity with the pathophysiology of the cardiac
disease by all of the cardiac team members. The benefits
of the adult system include patient comfort issues, along
with ancillary and consult service issues. Caring for
adults in a children’s hospital often creates awkward or
uncomfortable social situations. More importantly, how-
ever, as the adult congenital cardiac population ages,
they likely will develop more complex medical histories
requiring the proximity of multiple adult consult and
ancillary services. In this scenario, adult programs are not
always equipped to deal with the range and complexity

of adults with congenital heart disease, whereas pediatric
programs cannot be expected to manage the many ac-
quired adult diseases in a pediatric medical environment
[1]. It is important to overcome the obstacles and provide
these patients the best care as they transition into early
adulthood and beyond.

During the last 7 years, we have slowly transitioned
our program from the children’s hospital to the adult
hospital. In an effort to continue to provide optimal care
for this patient population in the future, we analyzed our
experience with each system.

Patients and Methods

After obtaining institutional review board approval, we
retrospectively reviewed the records of adult patients
with congenital heart disease who underwent cardiotho-
racic surgery. Between 2000 and 2007, 303 operations
were performed. Patient outcomes were analyzed based
on hospital location and surgeon. A risk factor analysis
was also performed for mortality.

Patient Factors
Overall, the mean age at the time of surgery was 31 ! 13
years. Regarding sex distribution, there were 134 men
and 169 women. Regarding race, there were 210 Cauca-
sians and 66 African Americans. Sixteen patients were of
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3.3. Sex specific assessment of the need for research among physicians

Regarding eleven of the 48 research topics, female physicians con-
sidered the need for research to be significantly greater than their
male colleagues did. Seven of these ten topics can be assigned to the
psychosocial field (Fig. 5).

3.4. Leading research priorities

As shown in Table 7, relatives, patients and physicians differ consid-
erably regarding their allocation of the places 1 to 4 in rating the need
for research. Divergent rating can in some cases also be attributed to
gender. Thus, in the “Fontan circulation”-group, male patients rated
the issue of “Catheter ablation, heart rhythm disorders” highest, while
the highest priority was allocated to the topic of “Sex, pregnancy” by fe-
male patients.Within the same group, the topic of “Diagnostic imaging”
was rated highest by male relatives, while female relatives, as well as
the surveyed physicians, gave the highest priority to the topic of “Failing
Fontan” (Table 7).

In CHD group “TGA after AS”, male patients rated the topic “Career
choices, retirement” highest, while female patients in this group consid-
ered the field of “Catheter ablation, ICD, SCD” to be more important

followed by the issue “Sex, pregnancy”. Male relatives in this group
assigned the first rank to “Diagnostic imaging”, while the topic of “Cath-
eter ablation, ICD, SCD” was rated highest by both female relatives and
female patients. Contrary to those affected, physicians assigned particu-
lar importance to the topic of “Heart failure” in connectionwith patients
with TGA after AS (Table 7).

The same topicswere ratedfirst and secondbybothmale and female
patients of CHD group “TGA after ASO”. Thus, the first place was
assigned to the topic of “Catheter ablation, ICD, SCD”, followed by the
topic of “Vessel/valve related problems” by the patients surveyed.
Bothmale and female relatives in this group also rated these two topics
first and second; however, they considered the need for research to be
higher regarding the topic of “Vessel/valve related problems” than re-
garding the topic of “Catheter ablation, ICD, SCD”. Just as the relatives
in this group, the surveyed physicians also rated the topic of “Catheter
ablation, ICD, SCD” highest (Table 7).

While among those affected in the “TOF”-group male participants
placed the topic of “Intervention, reoperation” first, female participants
assumed the greatest need for research to the topic of “Catheter abla-
tion, ICD, SCD”, as did the surveyed physicians (Table 7).

4. Discussion

4.1. Study participants

With the exception of the group of “TGA after AS”, there were
considerably more female than male participants across all CHD
groups. This is consistent with the view that women seem to be
more willing in general to take part in online surveys [3–6]. As
Swallow (2008) and Broger and Zeni (2011) showed in previous in-
vestigations, mothers are also more involved in the care of chronical-
ly ill children (accompanying them to doctor's appointments,
hospital stays etc.) than fathers [7,8]. This sufficiently explains a bet-
ter participation of female relatives (mothers). In the present study,
the proportion of female relatives surveyed is 78%. Regarding the
proportion of female participants among the participating patients
(53%), the increased willingness of female test persons to take part

Table 3
Overview of the study participants (physicians).

N (%)

Physicians Male 56 (74.7%)
Female 19 (25.3%)
hospital based 68 (88.0%)
Medical practice 8 (10.7%)
Research institute 1 (1.3%)
Head of department 20 (26.7%)
Consultant 10 (13.3%)
Senior physician/chief resident 21 (28%)
Medical specialist 18 (24%)
Assistant physician 5 (6.7%)
Scientific assistant 1 (1.3%)

N = sample size.

Fig. 1. Research needs as perceived by physicians and affected persons (higher mean levels indicate a higher importance). Significant differences were found between the group of those
affected and the group of physicians regarding all topics except for “Failing Fontan” and “Anticoagulation”. No significant differences were found between female and male affected
persons.
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Background: Patients, their relatives, as well as medical specialists from the fields of paediatric cardiology, cardi-
ology and cardiac surgerywere surveyed to investigate the current research needs in the field of congenital heart
disease (CHD) focussing specifically on the needs of those affected.
Material and methods: An online survey including four groups of patients with CHD (Fontan circulation, transpo-
sition of the great arteries [TGA] after atrial switch [AS] and after arterial switch operation [ASO], tetralogy of
Fallot [TOF]) was performed. Each questionnaire comprised twelve topics. Persons affected (patients and rela-
tives) were surveyed by means of CHD group specific questionnaires. Participants were recruited through the
German National Register for Congenital Heart Defects.
Results: N = 596 affected persons (Fontan circulation: n = 189; TGA after AS: n = 64; TGA after ASO: n = 90;
TOF: n = 253) and 75 physicians (57.3% paediatric cardiologists, 28.0% cardiologists, 10.7% cardiac surgeons,
4.0% other) participated. In general, those affected assume a greater need for research than physicians. Regarding
the CHD related topics to be the focus of future research, those affected largely agreedwith the participating phy-
sicians, although with a different ranking of research topics.
Conclusions:Based on the results of our study the challenges immanent in routine care for the CHDpatient groups
investigated can be identified. Accordingly, these topics should be prioritized in the research of the coming years.
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1. Introduction

So far, investigations to identify future research topics in the field of
congenital heart disease (CHD)were carried out bymeans of surveys ei-
ther among professionals or patients. While most surveys among

professionals concentrated exclusively on medical topics, the focus of
patient surveys was placed on patients' general desires, worries and
needs regardingmedical, psychosocial or lifestyle issues [1,2]. The pres-
ent investigation by means of an online survey aimed at covering both
physicians' assessment of the need for future research, aswell as captur-
ing the perspective of those affected. For this purpose, patients with
CHD, their relatives andmedical experts from thefield of CHDwere sur-
veyed. Assessing the importance assigned to individual research topics
from both a medical and the patients' point of view should allow for fu-
ture research to be specifically geared to thepatients' needswithout los-
ing sight of the medical facts. Knowing patients', relatives' and
physicians' view regarding the importance of different research topics
should also help designing targeted studies, the results of which will
most probably find their way into clinical routine, while considering as-
pects of time and cost efficiency [1]. Moreover, the assessment of the
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sition of the great arteries [TGA] after atrial switch [AS] and after arterial switch operation [ASO], tetralogy of
Fallot [TOF]) was performed. Each questionnaire comprised twelve topics. Persons affected (patients and rela-
tives) were surveyed by means of CHD group specific questionnaires. Participants were recruited through the
German National Register for Congenital Heart Defects.
Results: N = 596 affected persons (Fontan circulation: n = 189; TGA after AS: n = 64; TGA after ASO: n = 90;
TOF: n = 253) and 75 physicians (57.3% paediatric cardiologists, 28.0% cardiologists, 10.7% cardiac surgeons,
4.0% other) participated. In general, those affected assume a greater need for research than physicians. Regarding
the CHD related topics to be the focus of future research, those affected largely agreedwith the participating phy-
sicians, although with a different ranking of research topics.
Conclusions:Based on the results of our study the challenges immanent in routine care for the CHDpatient groups
investigated can be identified. Accordingly, these topics should be prioritized in the research of the coming years.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

So far, investigations to identify future research topics in the field of
congenital heart disease (CHD)were carried out bymeans of surveys ei-
ther among professionals or patients. While most surveys among

professionals concentrated exclusively on medical topics, the focus of
patient surveys was placed on patients' general desires, worries and
needs regardingmedical, psychosocial or lifestyle issues [1,2]. The pres-
ent investigation by means of an online survey aimed at covering both
physicians' assessment of the need for future research, aswell as captur-
ing the perspective of those affected. For this purpose, patients with
CHD, their relatives andmedical experts from thefield of CHDwere sur-
veyed. Assessing the importance assigned to individual research topics
from both a medical and the patients' point of view should allow for fu-
ture research to be specifically geared to thepatients' needswithout los-
ing sight of the medical facts. Knowing patients', relatives' and
physicians' view regarding the importance of different research topics
should also help designing targeted studies, the results of which will
most probably find their way into clinical routine, while considering as-
pects of time and cost efficiency [1]. Moreover, the assessment of the
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everyday life) to be greater than their male counterparts. A similar pri-
oritization is described by Goossens et al. [10]; their results are based on
interviews primarily with female nursing staff members from the field
of CHD. The main concern of these were issues such as patients' disease
related knowledge, the question of how to improve the care situation of
CHD patients and, subsequently, quality of life of adult patients with
CHD [10].

4.4. Leading research priorities

As to the question concerning which CHD related topics should be-
come the particular focus of future research for the different CHD
groups, those affected and physicians largely agree, although with dif-
ferent emphasis and, accordingly, ranking of single topics (Table 7).

The consensus of patients, relatives and physicians regarding the
assessment of the need for research becomes especially apparent
viewing the CHD group of “TGA after ASO”: Across all three sub-
groups, the topics of “Vessel/valve related problems” and “Problems
related to the coronary arteries” were listed among the top research
topics. Both those affected and physicians concerned themselves
with late complications associated with the arterial switch opera-
tion, as they are described in the literature [11,12]. The results
suggest a great interest in studies on the long-term outcome of the
arterial switch operation.

Regarding the CHD group of “Fontan circulation”, the topic of “Fail-
ing Fontan” is assigned an important role: this is a complication which
to date has not been sufficiently investigated and which is associated
with great difficulties in terms of treatment; due to lacking experience,

Fig. 5.Overviewof significant differences in perceived research needs betweenmale and female physicians (highermean levels indicates a higher importance). TGA/AS= transposition of
the great arteries after atrial switch; TGA/ASO = transposition of the great arteries after arterial switch operation; TOF = tetralogy of Fallot.

Table 7
Leading research priorities.

CHD group Place Patients Relatives Physicians

Male Female Male Female Total

Fontan
circulation

1 Catheter ablation rhythm
disorders

Sex, pregnancy Diagnostic imaging Failing Fontan Failing Fontan

2 Quality of life Quality of life Cognitive capacity Quality of life
3 Diagnostic imaging Depression, anxiety Career choices, retirement Career choices, retirement
4 Failing Fontan Sex, pregnancy Diagnostic imaging Cognitive capacity

TGA after AS 1 Career choices, retirement Catheter ablation, ICD, SCD Diagnostic imaging Catheter ablation, ICD, SCD Heart failure
2 Catheter ablation, ICD, SCD Sex, pregnancy Catheter ablation, ICD, SCD Intervention, reoperation Intervention, reoperation
3 Heart failure Diagnostic imaging Heart failure/intervention,

reoperationa
Quality of life Catheter ablation, ICD, SCD

4 Cognitive capacity Heart failure Cognitive capacity Heart failure Diagnostic imaging
TGA after ASO 1 Catheter ablation, ICD, SCD Vessel/valve related problems Vessel/valve related problems

2 Vessel/valve related problems Catheter ablation, ICD, SCD Problems related to
coronary arteries

3 Problems related to
coronary arteries

Sex, pregnancy Problems related to
coronary arteries

Diagnostic imaging Diagnostic imaging

4 Diagnostic imaging Problems related to
coronary arteries

Cognitive capacity Problems related to
coronary arteries

Cognitive capacity

TOF 1 Intervention, reoperation Catheter ablation, ICD, SCD Intervention, reoperation Catheter ablation, ICD, SCD Intervention, reoperation
2 Catheter ablation, ICD, SCD Intervention, reoperation Catheter ablation, ICD, SCD Intervention, reoperation Heart failure
3 Diagnostic imaging Diagnostic imaging Heart failure Catheter ablation, ICD, SCD
4 Heart failure Heart failure Quality of life Diagnostic imaging

a Shared place with equal ranking; ICD = implantable cardioverter defibrillator, SCD = sudden cardiac death; VA= ventriculo-arterial; TGA after AS= transposition of the great ar-
teries after atrial switch; TGA after ASO = transposition of the great arteries after arterial switch operation; TOF = tetralogy of Fallot.
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Physical activity counseling should be part of every patient interaction, whether 
or not the patient’s clinical status justifies activity restrictions. 

2154  Circulation  May 28, 2013

no significant risk factors are identified, even intense exer-
cise can be enjoyed safely, even by those CHD patients who 
have a potentially limited maximum exercise capacity. Fur-
thermore, conveying the results of an exercise test provides 
an opportunity to ensure that patients understand that daily 
physical activity and increased fitness do not require a maxi-
mal effort, but rather that fitness benefits are best gained with 
exercise that allows conversation (ie, the talk test). Ensuring 
that patients understand that maximum exercise capacity is 
unrelated to daily physical activity and fitness may provide 
patients with the realization that their suboptimal fitness levels 
can be improved through an increase in their physical activity 
levels. Table 4 lists many of the clinically important variables 
measured during an exercise test. Table 5 includes risk factors 

of exercise that may be uncovered during testing that can be 
used for clinical recommendations for the type, frequency, and 
intensity of physical activity.

Physical Activity Counseling Practices
Suggested practices for physical activity counseling among 
patients with CHD are summarized below. Suggested prac-
tices are described rather than formal recommendations made 
because of the paucity of scientific data specific to physical 
activity among patients with CHD. Currently, the body of 
knowledge for optimal type or quantity of physical activity 
and methods for activity assessment or counseling is lim-
ited to healthy populations. It is recommended that funding 
agencies prioritize support for research to develop scientific 

Table 4. Variables Typically Measured During a Cardiopulmonary Exercise Test

V̇O2 max The highest amount of oxygen that the body can consume during maximal exercise. The achievement of V̇O2 max is recognized when 
there is no increase in heart rate or oxygen consumption although the exercise workload is increased or when the ratio of V̇CO2:V̇O2 
exceeds 1.1. V̇O2 max may be reported in liters per minute for exercise modes that are independent of body weight (eg, stationary 
cycling) or in liters per minute per kilogram of body weight for exercise modalities that require the participant to support their own 
body weight (eg, treadmill walking/jogging). The measurement of V̇O2 max is typically feasible only in highly trained or highly motivated 
individuals (eg, athletes).*

V̇O2 peak The highest amount of oxygen consumed during a maximal exercise test to the limit of voluntary effort. This is the most common 
variable used to report aerobic exercise capacity. V̇O2 peak is the outcome of an exercise test that is terminated because the participant 
is unable or unwilling to continue. V̇O2 peak may or may not be equal to V̇O2 max, depending on whether the maximal oxygen transport 
capacity of the body is achieved before or after the limit of voluntary effort. V̇O2 peak may be reported in liters per minute for exercise 
modes that are independent of body weight (eg, stationary cycling) or in liters per minute per kilogram of body weight for exercise 
modalities that require the participant to support their own body weight (eg, treadmill walking/jogging).*

Ventilatory anaerobic  
threshold

The point at which V̇CO2 and V̇E begin to increase out of proportion to V̇O2. This is a measure of submaximal work rate that is sensitive to 
the effects of exercise training. It has the advantage of not being affected by patient motivation and does not require a maximal effort.*

Ventilatory efficiency The ratio and/or slope of V̇E/V̇CO2, otherwise known as ventilatory equivalent of CO2. This is a physiologically important variable that is 
decreased (ie, the slope is greater) in patients with heart failure, cyanosis, and pulmonary disease. A higher value indicates that more 
breathing effort must be used to eliminate the same amount of CO2.*

Work rate A surrogate measure of muscle power and exercise capacity. Typically measured in watts for exercise performed on a cycle or  
arm ergometer.

Treadmill time This is a surrogate measure of exercise capacity when a treadmill protocol is used. Means and standard deviations of treadmill times for 
various age groups have been published.

Heart rate profile This is composed of resting heart rate, peak heart rate, heart rate reserve (peak rate minus resting rate), and heart rate recovery. Resting 
heart rate and heart rate recovery in particular can be improved with improved fitness.

Blood pressure Arm blood pressure responses to exercise are measured during a test and can reveal hypertension not otherwise discovered with resting 
values alone.

Pulmonary function Standard pulmonary function tests using spirometry can be performed to reveal obstructive, restrictive, or mixed pulmonary disease at 
baseline or as a result of exercise.

Oxygen saturation Reliable oxygen saturation monitoring can be helpful in patients with resting desaturation and those at risk for desaturation during 
exercise (eg, those with fenestrated Fontan circuits).

V̇CO2 indicates carbon dioxide production; V̇E, minute ventilation; and V̇O2, oxygen consumption.
*Requires measurement of exhaled O2 and CO2 during the test.

Table 5. Exercise Risk Factors Evaluated During a Cardiopulmonary Exercise Test

1.  Abnormal hemodynamic response to exercise: Either a progressive drop in blood pressure (a normal response is an increase in systolic pressure and little or no 
change in diastolic pressure) or excessive rise in blood pressure (>250 mm Hg systolic), especially when it results in symptoms. Patients with coarctation of the 
aorta, repaired or unrepaired, may have normal resting right arm blood pressure but significantly elevated pressure during exercise.85

2.  Abnormal heart rate profile: A blunted peak heart rate, lower heart rate reserve, and blunted heart rate recovery are associated with poorer overall prognosis in 
various forms of congenital heart disease.86

3.  Arrhythmias: Supraventricular and ventricular tachycardia, ventricular fibrillation, and all forms of heart block can manifest during exercise testing.
4.  Myocardial ischemia: On electrocardiography during exercise, significant ST depression of ≥2 mm can signify ischemia induced by the extra metabolic demands 

of exercise.
5.  Reduced ventilatory efficiency: An increase in the V̇E/Vco2 slope is associated with heart failure and an increased risk of sudden death in some congenital heart 

disease populations.87,88

V̇CO2 indicates carbon dioxide production; and V̇E, minute ventilation.
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Risks and Benefits of Exercise Training in Adults With

Congenital Heart Disease
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ABSTRACT
Exercise capacity in adults with various forms of congenital heart
disease is substantially lower than that of the general population.
Although the underlying congenital heart defect, and its sequelae,
certainly contribute to observed exercise limitations, there is evidence
suggesting that deconditioning and a sedentary lifestyle are important
implicated factors. The prevalence of acquired cardiovascular comor-
bidities is on the increase in the aging population with congenital heart
disease, such that obesity and a sedentary lifestyle confer increased
risk. Health fears and misconceptions are common barriers to regular
physical activity in adults with congenital heart disease, despite evi-
dence linking lower functional capacity to poor outcomes, and data
supporting the safety and efficacy of exercise in bestowing numerous
physical and psychosocial rewards. With few exceptions, adults with
congenital heart disease should be counselled to exercise regularly. In
this contemporary review, we provide a practical approach to

R!ESUM!E
La capacit!e à l’effort des adultes souffrant de diff!erentes formes de
cardiopathies cong!enitales est consid!erablement plus faible que celle
de la population g!en!erale. Bien que les anomalies cardiaques con-
g!enitales sous-jacentes et leurs s!equelles contribuent sans aucun
doute à l’observation de limites en matière d’exercice, des donn!ees
scientifiques suggèrent que le d!econditionnement physique et le mode
de vie s!edentaire sont d’importants facteurs associ!es. La pr!evalence
des comorbidit!es cardiovasculaires acquises est en hausse dans la
population vieillissante souffrant de cardiopathies cong!enitales, de
sorte que l’ob!esit!e et les modes de vie s!edentaires confèrent un risque
accru. Les craintes et les id!ees fausses en matière de sant!e sont des
obstacles communs à la pratique r!egulière de l’activit!e physique chez
les adultes souffrant de cardiopathies cong!enitales, en d!epit des
donn!ees scientifiques reliant la capacit!e fonctionnelle plus faible à des
r!esultats m!ediocres, et des donn!ees appuyant l’innocuit!e et l’efficacit!e

Congenital heart disease (CHD) is the most common birth
defect, afflicting approximately 1% of live births. Remarkable
progress in pediatric cardiac care over the past decades has
given rise to a growing and aging population of survivors with
CHD.1 As a result, adults with CHD might be exposed to
traditional risk factors for coronary artery disease and to the
adverse consequences of a sedentary lifestyle.2 In some in-
stances, the inactive lifestyle is enabled by patient fears, mis-
conceptions, and/or well-intentioned physician reticence to
endorse exercise training in the context of difficult to quantify
risks.3 Paradoxically, there is evidence to suggest that an overly
conservative approach to exercise prescription in CHD can do

more harm than good,3 and that most adults with CHD can
safely benefit from the physical and psychological effects of
exercise.

Across the varied forms of CHD, including simple repaired
defects,4 adults with CHD suffer from a lower functional
capacity and peak oxygen consumption than the general
population.5,6 Moreover, a low exercise capacity identifies
those at risk for hospitalization and death.7 In patients with
CHD, the observed precipitous decline in age-related func-
tional capacity might be attributed to several contributing
factors including deconditioning and varied pathophysiolog-
ical mechanisms, such as residual lesions of hemodynamic
consequence, electrophysiological disorders, pharmacological
therapy, cyanosis, relative anemia, and extracardiac organ
involvement.

Exercise training refers to a program of physical activity
intended to improve or maintain physical fitness, perfor-
mance, or health. The complex and heterogeneous forms of
CHD combined with limited evidence-based guidance pre-
clude a single algorithmic approach to prescribing exercise
training. The purpose of this contemporary article is to
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Benefits: 
•  Improved health 
•  Improved exercise tolerance: VO2 

max, peak oxygen consumption, 
peak oxygen pulse, heart rate 
recovery, walking distance and 
treadmill time.  

•  Quality of life 
•  Prevention of acquired coronary 

artery disease 
•  Reduction of depressive 

symptoms 
 

Risks: 
•  Exercise induced ventricular 

tachyarrhythmia. 
•  Nature of the congenital malformation 
•  Underlying physiology 
•  Comorbidities 
•  Type and intensity of exercise  
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•  Consideration of both the training and the competitive 
aspects of the activity  

•  Patient’s functional status and history of surgery.  
•  Noninvasive testing (exercise testing, Holter 

monitoring, echocardiography, and cardiac magnetic 
resonance imaging) 
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Congenital heart disease (CHD) is the most common
form of serious birth defect, occurring in 8 per 1,000
live births (1). The past several decades have seen
dramatic improvements in survival with palliative or
corrective heart surgery, such that there are now more
adult patients than pediatric patients alive with CHD.
Although restriction from competitive athletics may
well be indicated for some, the great majority of
patients can and should engage in some form of
physical activity and should avoid a sedentary life-
style. Clinicians should encourage their patients

to engage in healthy physical activities, bearing in
mind specific features in some patients, such as
residual obstruction, pulmonary vascular disease,
low systemic ventricular function, and preexisting
arrhythmias in the presence of implanted cardiac
rhythm devices such as pacemakers and im-
plantable cardioverter-defibrillators. In addition, the
physiological effects of athletic activities at high
altitude should be considered for patients with
elevated pulmonary vascular resistance. These issues
are covered elsewhere in this document. Fortunately,
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36% of the top 100 cities were from the US, while this percentage
decreased to 27% in the second era. A slight decrease was also evident
for Europe (45% vs. 43%). China increased its share from 0% to 7%. It is
notable that the African continent is not represented amongst the top
100 cities, and there is only one city from South America in the top 100.

3.3. Comparison between countries

Over 70% of publications (equivalent to N80% annual∑IF) originated
from only 10 countries both in 1995 and in 2011. The US was and
remained the leading country over the study period (Table 4). However,
important changes took place over time: while in 1995 the US
contributed approximately 50% of the annual ∑ IF, this share
dropped to approximately 20% in 2006 (p b 0.0001 for number of
publications and p b 0.0001 for∑ IF) and was 25% in 2011. Amongst
the 10 countries with the highest ACHD∑ IF between1995 and 2011
China and the Netherlands had the largest increase in annual
number and IF of publications. Comparing the earlier and later era
there was a 6.8 and a 2.6 fold relative increase in the number of pub-
lications for China and the Netherlands, respectively (p b 0.0001 for
both). This was accompanied by a dramatic increase in the share of
annual ∑ IF for these two countries (19.0 fold and 2.9 fold respec-
tively, p b 0.0001). Fig. 3 illustrates the change in ∑ IF between
1995 and 2005 for emerging economies, again illustrating a dispro-
portionate increase in ∑ IF for China, when compared to other
countries of similar economic expansion. The Netherlands, Canada,
Switzerland, the United Kingdom and Belgium had the highest
ratio of ∑ IF to both GDP or to the number of physicians in 2010
suggesting most efficient utilization of their resources (Fig. 4).

3.4. Changes in research interest

There was a marked shift in research interest comparing the later
(2006 to 2011) with the early era (1995 to 1999) as illustrated by
Table 5. As shown, there was an increase in ∑IF focused on non-
invasive testing by 40% (p b 0.0001) and a drop by 66% in ∑IF of
publications investigating conventional catheter angiography (Table 5).
Therewas also a steep increase in∑IF of publications on registry studies
and randomized trials (by+501% and+131%, respectively). In addition,

some cardiac conditions, particularly Tetralogy of Fallot, systemic right
ventricle physiology and Eisenmenger syndrome seemed to have
attracted increasing research interest more recently.

4. Discussion

Our study shows a dramatic increase in ACHD publications between
1995 and 2011, accompanied by a matching increase in impact factors
as well as an over-proportional rise in relative ACHD contribution to
the general academic field. Publication output was related to patient
volume and on a national level there was a strong association between
increase in ACHD centers and parameters of economic growth.However
some developed (e.g. the Netherlands) and developing countries (e.g.
China) seemed tomake a disproportionally large academic contribution
given their demographic and economic characteristics.

The number of ACHD patients has been increasing in recent years in
the developedworld. It has been estimated that there are currently over
250,000 adults with ACHD in the UK and approximately 1 million in the
US [12]. The interventions that most patients had in childhood were, by
and large, not curative. It has been estimated that approximately 50% of
patients may face the prospect of further surgery, cardiac arrhythmias,
heart failure and – if managed inappropriately – premature death [1].
This fact has been recognized more than three decades ago in Europe
and North America and has prompted the establishment of designated
specialized ACHD centers [13,14]. The current study shows that such
efforts have been successful as the number of ACHD centers has
increased considerably, exceeding the proposedminimumof one center
per ten-million population has been reached in nearly all European
countries and in North America. However, some geographic challenges
continue to exist; on average, one ACHD center serves an area of
101,638 km2 and 757,793 km2 in the US and Canada, respectively.
Even when assuming homogenous distribution of ACHD centers, this
corresponds to a radius of care for a single center of approximately
180 and 491 km, respectively. This reinforces the need for provision,
in parallel, of basic local ACHD care, particularly in countries of low pop-
ulation density. Introducing a hub and spoke approach and establishing
ACHD curricula in undergraduate medical and postgraduate cardiology
training programs should assist achieving this goal.

Fig. 2. ACHD centers worldwide. Black dots indicate the identified ACHD centers. The area of each pink circle is proportional to the center's impact factor sum (grouped by city) between
1995 and 2011.
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Background: Only limited information is available on the worldwide distribution and volume of adult congenital
heart disease (ACHD) centers. We aimed to assess the centers using a bibliometric approach.
Methods and results:We identified publications presenting original research in the field of ACHD between 1995
and 2011. A total of 94,119 articles were identified which underwent electronic filtering and manual review.
Overall, a dramatic increase in ACHD publications was seen over the study period. This was accompanied by a
matching increase in impact factors and an over-proportional rise in ACHD contributions relative to the general
academic field. Research output correlated well with self-reported patient volume and the number of identified
ACHD centers in Europe and North America was in agreement with published surveys, thus validating our
methodology.We observed a steady increase in the number of publishing ACHD centersworldwide. The number
of ACHD centers per 10-million population was highest for Europe (3.6), followed by North America (1.7),
Oceania (1.5), South America (0.4), Asia (0.3) and Africa (0.1). In addition, we evaluated the relative research
output between developed and emerging economies and provide an overview over the main areas of research
in the ACHD field.
Conclusions: Global interest in ACHD is increasing and this is reflected, both, in the number of publishing centers
and the volume of research. Our data provides insights into the geographical and temporal distribution of ACHD
research over the last 1 1/2 decades. These results could serve as benchmarks for international comparisons and
guide efforts for improving ACHD infrastructure.
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1. Introduction

Life expectancy and the quality of life of patients bornwith a cardiac
defect have improved dramatically over the last decades. Over 90% of
these patients are now expected to survive to adulthood in high-
income countries [1]. In low and middle-income countries, however,
survival prospects very likely continue to be compromised. Although
accurate global data are lacking, it is anticipated that the number of
adults with congenital heart disease is increasing in all countries due
to continuing and past global efforts to establish pediatric cardiology
and cardiac surgery services.

The need to provide specialized care for adult congenital heart dis-
ease (ACHD) patients has been long recognized in Europe and North
America [2,3]. This has led to the establishment of an increasing number
of ACHD programs [4,5] and has been accompanied by a rising volume
of publications trying to close the knowledge gap in this emerging

field [6]. Furthermore, national and international guidelines have been
published [2,7], which in turn have contributed to improved outcomes
for ACHD patients [8]. Challenges, however, remain even in resource-
rich settings. These include adequate implementation of guidelines
and research findings into clinical practice, as well as training of an
appropriate number of specialists (both medical and surgical) to serve
the field [9]. It has also been suggested that the quality of patient care
can vary significantly between facilities and may not always meet the
complex needs of ACHD patients [3].

To enhance collaboration between ACHD programs, inform junior
colleagues seeking training opportunities, guide policy decisions and
not least patients in need of ACHD care, surveys have been performed
to identify self-declared ACHD centers in Europe and the United States
(US) [5,10,11]. Although immensely helpful, the results of these surveys
cannot be easily extrapolated to other settings. Furthermore, as longitu-
dinal data is largely lacking — these studies provide little insight into
temporal trends. We hypothesized that a bibliometric approach,
measuring research output, may be equally feasible, would correlate
well with survey data and provide, for thefirst time, a global perspective
and novel information on temporal changes in the ACHD field. This is
based on the notion that research is an integral part of ACHD care
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The Future 
•  Emergence of multicenter research networks 

and registries, particularly in North America and 
Europe-new opportunities for research 
coordination and grant funding. 

•  Developed countries devise and implement 
sustainable strategies byond intermittent 
missions 

•  Expansion in training resources and 
development of multidisciplinary teams. 
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