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Mortality also increase from 11 to 17 years as observed from 1985 to 2000 and is expected to further increase between
Prevalence 2000 and 2020. There are data suggesting a female predominance in the ACHD population which may impact 3:
Sex birth rates of CHD in the future, The estimated number of adults with CHD who have severe or complex dis-

In this article, we demonstrate that congenital heart disease (CHD) has now become a life-long condition :
spanning from birth to old age. We begin by understanding the determinants of demographics in terms of :
the changing epidemiology of CHD: incidence, survival and prevalence of CHD across the lifespan,

The reported birth prevalence of CHD most commonly clusters around 8/1000 live births. Advances in med-
ical and surgical therapy have led to an increase in the survival of CHD patients with an increase in the me-
dian age at death in those with severe CHD of 20 years since 1987, The prevalence of CHD increased by 22%in :
children and 85% in adults with severe CHD from 1985 to 2000 such that in the year 2000, CHD prevalence in
Quebec was 4/1000 adults and 12/1000 children. Thus, the median age of those alive with severe CHD has :

ease is likely to be 10-25% when population data are considered,
The impact of changing demographics on clinical outcomes and disease burden on the adult CHD population

has become considerable. Our commitment to patient care necessitates that we continue to improve the :

quality of care based on the needs of this population as illustrated by trends in medical complications and

health services utilization.

© 2012 Published by Elsevier Ireland Ltd. :

1. Introduction

The adult congenital heart disease population (ACHD) is one of the
fastest growing populations in cardiology. Strides in diagnosis and
management of children born with congenital heart lesions (CHD)
have changed the demographic landscape of those born with congen-
ital lesions [1]. CHD is now a life-long condition spanning from birth
to old age. On a population level, it therefore now becomes relevant
to discuss CHD from newborns to geriatric populations. Previously al-
most exclusively in the domain of pediatric cardiology, a hybridiza-
tion of knowledge needs to occur. Adult cardiologists need to
become familiar with common CHD lesions and pediatric cardiolo-
gists need to become versatile with acquired complications associat-
ed with prolonged survival.

Fig. 1 provides a conceptual model bridging epidemiology and
clinical care both of which determine demographics and prevalence
of lesions carried from birth. This figure illustrates the demographic
characteristics and determinants of the CHD population as well as the
primary and intervening pathways impacting them. The demographics
of the CHD population are characterized by the distribution of age,
sex, and CHD disease severity. These are in turn determined by the

E-mail address: ariane.marelli@mcgill.ca.

1058-9813/$ - see front matter © 2012 Published by Elsevier Ireland Ltd.
http://dx.doi.org/10.1016/j.ppedcard.2012.08.005

incidence and survival of patients with CHD resulting in the prevalence
of disease in adults as we observe it. The modifying factors of incidence
and survival of CHD are both primary or biological affecting birth rates
and intervening including surgical and medical care as well as heal th
care behavior.

This chapter will be divided in two parts. In part I, we review the
cornerstone notions of the epidemiology of CHD. The aim is to famil-
iarize the reader with the principles of population science that pro-
vide the basis for understanding the changing demographics of
CHD. This should facilitate critical thinking and understanding of the
publications aimed at estimating the size of the CHD population. In
part II, we review the impact of the epidemiology on the demo-
graphics of the CHD population in terms of age, sex, and severity of
disease distribution.

Itis important to highlight that the purpose of this paper is not to
provide a systematic review of data available for each of the topics
below. The emphasis in what follows is on the data used in the lecture
presented from which this paper originates. The data sources drew
predominantly from population based administrative and surveil-
lance data sources that have been published in industrialized coun-
tries. Specifically data was presented from the Quebec CHD database
in Canada, from the Center for Disease Control (€DC) in the US and
from the European Congenital Anomalies Surveillance of Congenital
Anomalies (EUROCAT) in Europe.

—
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DEMOGRAPHICS
Age distribution
Sex distribution
L Disease distribution ]
INCIDENCE X SURVIVAL — | PREVALENCE
birth lence mor;laﬁ{y " |in children/aduits
Modifying factors
l L
Primary Ié’;g’;::gg
Biology
Perinatal care Hm:m Care x

Fig. 1. The demographic characteristics of the CHD population (age, sex, and disease dis-
tribution) and their epidemiologic determinants (incidence, survival and prevalence) and
associated modifying factors (primary and intervening) are schematically illustrated.

2. Part L. The epidemiology of CHD (Fig. 2: panels A, B; Fig. 3)

Fig. 2 uses a beaker to visually illustrate how the size of a popula-
tion during any given observation period can be quantified. The size
of the population (prevalent cases) results from the difference be-
tween the number of cases entering (new or incident cases) and
those exiting (surviving cases) during the duration of the observation.
During the observation period in panel A when mortality of CHD is
high, the long vertical arrow indicates that majority of cases entering
the cohort die. Thus the number of surviving cases is small. During the
observation period in panel B, the mortality is reduced and the num-
ber of survivors has thus increased.

Fig. 3 models the elements contributing to the observed changes
in the prevalence of ACHD showing the interplay between incidence
and mortality over time. What we have observed in the last several

m Population Cohort
New Cases @

A

Surviving Cases

l Observation period ]

m Population Cohort

New Cases

B

NV Surviving Cases

l Observation period '

Fig. 2. Visual representation of the size of the CHD population based on new cases en-
tering and surviving cases exiting the population cohort over an observation period
when the number of surviving cases is small (panel A) and when the number of surviv-
ing cases is large (panel B).

l__ Incidencé

Calendar time j

Fig. 3. Conceptual model illustrating the contribution of changing incidence and mor-
tality to the growing prevalence of the congenital heart disease population over calen-
dar time. Assuming that the prevalence of CHD at birth remains constant, as maortality
decreases over time, the number of surviving patients increases and the observed
prevalence of CHD increases.

decades is a rise in the prevalence of adults with CHD that has been
directly influenced by the incidence and mortality of CHD (Fig. 3).
Prevalence is thus the product of incidence and survival (Fig, 1).
What then amongst these elements have we been able to accurately
measure and what does this tell us about future trends?

102
103
104
105
106

2.1. Birth prevalence of CHD — the most accurate proxy for incidence of 107

CHD

The incidence of CHD cannot be accurately measured because we
would need to track the number of new cases of CHD in utero. Since
this measurement cannot be systematically obtained, what has been
reported is the measurement and report of the number of observed
cases at birth following, in-utero attrition due to spontaneous or
planned pregnancy termination. What we are really reporting then,
is prevalence at birth as the best possible proxy for incidence of CHD.

The reported birth prevalence of CHD varies widely depending on
the lesions included, the surveillance method used and the geograph-
ical area of source and accounts for the large variation in published
rates. Most commonly the reported rates of birth prevalence cluster
around 8/1000 live births but vary between 4/1000 and 50/1000 [2].
In the US the most recent report using data from the CDC has reported
birth prevalence rates between 8 and 10/1000 live births [3]. Varia-
tions in birth prevalence have also been analyzed using the
EUROCAT registry that assembles data from 16 European countries.
In 26,598 cases observed from 2000 to 2005, the prevalence of CHD
at birth was reported to be up to 13/1000 live births [4].

Using birth prevalence rates of CHD to estimate the number of
ACHD patients is further limited by the assumption that birth rates
have remained constant over time. Fig. 1 draws attention to some of
the modifying factors impacting birth prevalence of CHD. Primary
modifiers may be biologically determined or may act through prena-
tal care including pregnancy termination and prevention. Biological
determinants of birth prevalence are related to the proportion of in-
fants born with chromosomal abnormalities associated with a higher
frequency of CHD [5,6]. The EUROCAT registry is one of the only data
sources that examine the impact of perinatal mortality and pregnancy
termination rates on birth rates of CHD in the same population [4]. In
this registry perinatal mortality due to CHD in the fetus is most
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commonly reported from .2 to .4/1000 births. Not surprisingly, preg-
nancy termination rates susceptible to cultural trends varied more
widely occurring in up to 1-1.3/1000 births depending on the country
[4]. Using the Quebec CHD database, we examined the impact of pol-
icy aimed at reducing birth defect rates at a population level. In a
time-series analysis of 2050 births with severe CHD of 1,247,623 in-
fants born in Quebec from 1990 to 2004, we observed a significant de-
crease in birth prevalence of severe CHD from 1.68 to 1.57/1000
before and after the introduction of mandatory folic acid supplemen-
tation in grain products [7].

Thus, prevalence at birth is the best proxy available to estimate in-
cident or new cases of CHD born each year. As modeled in Fig. 3, even
if we assume constant rates of birth prevalence of CHD, the next chal-
lenge is estimating the sequential variations in death rates of CHD pa-
tients over the last several decades (cohort effect). Looking back at
Fig. 1 we have therefore reviewed the measurements and pitfalls of
the first part of the prevalence equation. What about survival, and
what do we know of the change in survival over time?

2.1.1. Mortality — a shift away from the young and towards adulthood

The reciprocal of survival is mortality. Although estimating survival
itself over time with a uniform methodology is difficult, mortality of
CHD patients has been measured. Using CDC data in the US, the age ad-
justed yearly infant mortality decreased by 40% from nearly 2.6 to 1.8/
100,000 live births between 1979 and 1993 [8]. Although death from
CHD remains the most common cause of infant mortality from birth de-
fect in the US, CDC data from 1979 to 1997 indicated that mortality due
to CHD decreased most dramatically in children and infants 0-10 years
of age from a rate of 100/100,000 to <1/100,000 population during the
observation period [8]. Also using CDC registry data, all age mortality
rates in cyanotic and cyanotic CHD decreased by 40% in patients with te-
tralogy of Fallot and 60% in those with VSD as observed between 1980
and 2005 [9]. Using the Quebec CHD database, in 8123 patients followed
for 1,008,835 years, we showed that the median age of death in the
CHD patients increased from 2 years of age in 1997-98 to 23 years of
age in 2004-05 [10]. Thus mortality from CHD changed from a bimodal
distribution of death to a distribution skewed towards older age, resem-
bling that of the normal population (Fig. 4) [10].

As illustrated in Fig, 1, mortality is likely to be the element where
we have observed the largest number of modifying factors manifested
by way of intervening pathways. Surgical and percutaneous interven-
tions, medical care pertinent to diagnosis and complications of CHD
and health care behavior as determined by insurance, access and

psycho-social determinants have all made significant contributions
to the change in mortality of CHD over time [11].

Thus going back to Fig. 3, the chronological decrease in mortality is
expected to result in a sequential increase in survival rates contribut-
ing to an increasing pool of prevalent CHD patients. From an epidemi-
ologic perspective, as illustrated in Fig. 1, the product of incidence and
survival is prevalence. What then have we observed on the changing
prevalence of CHD on a population level? Specifically we turn our at-
tention to the prevalence of the CHD population across the life-span.

2.1.2. Prevalence of CHD throughout the lifespan

The challenge in measuring prevalence beyond birth into child-
hood and adulthood is obtaining a meaningful denominator. The
number of CHD patients can be counted in various jurisdictions, but
a prevalence rate requires the judicious choice of denominators. To
our knowledge the Québec CHD database is the only data source
that attempts a prevalence estimate of CHD in the general population
[1]. Where health insurance is universal and health services are
tracked using a single unique identifier throughout an individual's
life, we measured the prevalence of CHD in children, adults and over-
all in the same population (Fig. 5). In a population of 7,357,029 in
Québec in the year 2000 the prevalence of CHD in patients
0-18 years of age was 11.89/1000 children and 4.09/1000 adults
with an overall prevalence of CHD across the lifespan of 5.78/1000
in the general population [1]. The estimated prevalence in children
is higher than published estimates of prevalence at birth but this is
not surprising if one considers the number of cases of CHD that can
be detected after birth, over an observation period of up to 18 years
and particularly with the advent of cardiac ultrasound since the
mid-1980s. Although the prevalence rates are higher in children
than adults, since there are more adults than children in most
industrialized nations, the absolute number of adults with CHD is
now at least equal to the number of children with CHD. In the same
study, we showed that the prevalence of severe CHD increased by
22% in children and 85% in adults from 1985 to 2000 [1]. This differ-
ential rise in children and adults over the same observation period
is less likely to be influenced by ascertainment bias using cardiac ul-
trasound as there is no reason to suspect that adults had more access
to ultrasound diagnasis than children in the same jurisdiction. When
we stratified the increase in prevalence by age group, as shown in
Fig. 6, we see that the largest increase in prevalence ratios over time
occurred in those 13-18 followed by those 18-25 years of age [1].
We can therefore expect that a further increase occurred in the num-
ber of CHD patients entering adult cohorts in the last decade.
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Fig. 5. Prevalence rates of CHD are reported overall, in adults and in children measured
in the same population in the same year,

In the US then what are the numbers? In 2000, the total number of
adults living with CHD in the US was estimated to be 800,000 with
the estimated number of children living with CHD being 600,000
[11]. There are no population-based longitudinal CHD data on chil-
dren, adolescents, and adults living with CHD. Based on Canadian
data from 1990 to 2000 [12] extrapolated to US Census data in
2010, it is estimated that 2-3 million people of all ages may potential-
ly be living with CHD in the US in 2010 [13]. The estimated number of
children living with CHD is between 975,000 and 1.4 million, while
the estimated number of adults is between 959,000 and 1.5 million
[13].

Thus, where exact survival estimates are unavailable, a direct cal-
culation of the product of incidence and survival (Fig. 1) cannot be
obtained. Nonetheless it is possible to observe the changing preva-
lence of CHD (Fig. 3) in different age groups where population
based denominators are available,

3. Part II. The demographics of CHD — the impact of epidemiology
3.1. The aging of the CHD population

As mortality shifts away from the young and towards adults
(Fig. 4), the median age of those alive with CHD has increased.
Fig. 7 illustrates the increase in the median age of patients who are
alive with severe CHD. In 1985 the median age was 11 years (IQR
4,22) while in 2000, the median age was 17 years (IQR 10,28). At
the other end of the spectrum, we analyzed 3239 geriatric ACHD pa-
tients from 1990 to 2005 [1]. In 2005, the prevalence of ACHD was 3.7
per 1000 in the elderly adults [14]. Using 1990 as a reference, the
prevalence remained constant in the elderly whereas it increased in
nonelderly adults [14]. As the population ages, what is known about
the gender distribution of ACHD adults?

2 183 % Children 1985
: W Children 2000
| 7 Adults 1985
L5 [ Adults 2000

IL15

w10

Prevalence / 1,000 population

1-12 13-17

18-25

26-40 414
LOD(0.93-1.07) 278 (244-3.17) 2.35 (2,10-2.64) 2.48 (2.19-2.80) 1.52(1.30-1.79)
Age in years
PR (95% CI)

Fig. 6. On the Y axis the prevalence rate is expressed per 1000 population. On the X
axis, the age strata are shown with the change in prevalence ratios (PR) and 95% con-
fidence intervals between 1985 and 2000, The increase in PR is significant in all age
groups above age 12 but the greatest increase occurs in those 13 to 25 years of age.

50

40.

30 28
-]
Z 2
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——-.—
11 10
10 =
4
1985 2000

Truncated box plot {excludes top and bottom 1 0%)

Fig. 7. The increase in median age of these alive with severe CHD increasing from 11 to
17 years from 1985 to 2000,

3.2. A predominance of females in adults with CHD?

Sex distribution in the CHD population has received rela tively lit-

tle attention. In Canada in over 45,000 adults with CHD, females :
accounted for 57% of patients, a proportion which was significantly -
higher than the predominance of females observed in the general :

population [1]. The prevalence was 4.55 per 1000 for females com-

pared to 3.61 per 1000 in males (Fig. 8). Consistent with these find- :
ings, using death registry data in 11,040 adults the US, the CDC :

demonstrated lower mortality rates in females with CHD compared
to males [15]. Potential causes of a shift in demographics towards a

predominance of females in the ACHD population include milder le- :
sions in females born with CHD, differences in mortality related to :

CHD surgery or sentinel effects related to a decrease in the proportion
of males in the general population of industrialized nations [16].
Using Healthcare Cost & Utilization Project (HCUP) data in the US,
we analyzed the KIDs' Inpatient Database in 2000, 2003 and 2006
which samples pediatric discharges, up to 20 years of age in 38 US
states and showed that 55% of all children having surgery were
males and males were more likely to have high risk procedures

[16]. This is consistent with the observation that the most common :

CHD lesion, atrial septal defect, has a higher frequency in females
while conotruncal anomalies such as transposition of the great arter-
ies are more common in males [17].

The interplay between factors impacting the sex distribution of 27

the CHD population at birth and during adulthood is illustrated in

Fig. 9. A predominantly female ACHD population is likely to result in :
increased transmission rates of CHD to offspring. The effect will be 2

W Female
Male
1284 PR=1.26 PR=118 PR=1.01
' Pp<0OB0] p=0.0001 p=NS

0.8

0.2

Prevalence / 1,000 CHD population

Severe and Other
CHD Adults

Severe CHID
Adults

Severe CHD
Children

Fig. 8. Difference in prevalence between females and males with CHD per 1000 popu-
lation in adults and children. Although there is no significant difference in the preva-
lence ratio (PR) between females and males in children, there is a predominance of
females amongst adults with severe and other forms of CHD.
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Prevention and Termination Increasing

Transmission ol
Y

Decreasing

Proportion of Females

Fig. 9. This diagram is illustrating the interplay of the factors that can result in increas-
ing or decreasing birth prevalence of CHD in future generations. With a higher propor-
tion of females, the increasing transmission rates may result in increasing prevalence
while prevention and pregnancy termination may have the opposite effect thereby de-
creasing the prevalence of CHD.

further magnified if surviving adult females are less likely to have se-
vere disease both because of biologically-driven distribution of le-
sions at birth and potential differences in mortality during adult
years. Thus the proportion of females and the disease distribution of
CHD amongst them may result in increasing numbers of patients
with CHD in the future. On the other hand, these trends may be offset
by CHD prevention and pregnancy termination as discussed above in
the context of prevalence of CHD. We have seen that grain fortifica-
tion may decrease the birth prevalence of severe defects [7]. Volun-
tary or involuntary pregnancy termination may also result in
decreasing rates of infants with severe CHD at birth. It is interesting
to speculate then, that a larger proportion of surviving healthy fe-
males with less severe lesions, in addition to prevention and pregnan-
¢y termination of fetuses with severe lesions will conspire to decrease
the number of patients with severe CHD from one generation to the
next. From an evolutionary point of view, this would be consistent
with biology's natural intelligence. What then do we know about
the distribution of disease severity in the ACHD population at the cur-
rent time?

3.3. Distribution of disease severity in ACHD patients

There is a continuing debate about what proportion of the ACHD
population has severe or complex CHD. As we have seen above, this
number is subject to change over time due to factors outlined in
Fig. 1 and in all probability it is likely to evolve in the coming decades.
The nature of the debate results at least in part from the
inter-dependence between advocacy and data. There is a need for
the numbers required for our advocacy platforms to move us forward
in order to overcome the existing limitations of the data currently
available. One cannot occur without the other. In addition, the lan-
guage of this debate suffers from definitional and methodological
uncertainty.

The definition of disease severity and the question of who should
be followed in ACHD centers, are related but are different and often
used interchangeably. The first is traditionally based on anatomy
and physiology, the second is based on health services requirements.
The definition of the severity of CHD has undergone several modifica-
tions over the last 70 years [18,17]. In children severe or complex
CHD has been linked with cyanosis. We have previously defined “se-
vere” CHD as that which has the highest probability of being associat-
ed with cyanosis at birth. For adults, during the 32nd Bethesda
conference, lesions were classified as “complex”, “moderate” or “sim-
ple” based on a combination of anatomy and surgical interventions
[11]. Although it is generally agreed that ACHD with lesions of great
complexity should receive specialized services [11], making recom-
mendations for those with mild and moderate disease is thus more
problematic. For example when looking at surgical trends in ACHD

patients between 1990 and 2000, the fastest growing segment of pa-
tients requiring interventions was that classified as having “moder-
ate” disease as defined at the 32nd Bethesda conference [19]. Not
surprisingly, with evolving percutaneous procedures paralleling a

growing need to prevenf rather than to treat complications, special- :
ized ACHD care, may need to be delivered to a wider range of ACHD

patients.

Despite these limitations, the proportion of ACHD patients having
complex or severe disease is one of several important metrics of dis-
ease burden. The proportion of ACHD patients with complex or severe
lesions has been estimated and measured [2,20,1,11] and are summa-
rized in Table 1. Estimates are based on prevalence at birth rates with
assumptions about survival. The range of reported estimates of adults
with CHD of great complexity varies from 5 (o 14% depending on if
the assumption is made that no patients with severe CHD at birth
are treated or if all are treated. Using estimates of survival by cohort
and the Bethesda disease severity classification an approximate 15%
of adults are expected to have lesions of great complexity while
those with moderate lesions were estimated to account for approxi-
mately one third of patients. Using the general population as the de-
nominator we measured a proportion of 9% of ACHD patients with
severe disease as defined with administrative data sources.

Using birth prevalence rates of CHD requiring referral for special-
ized care, the NERCP determined that in 1976 there were 2.4
NERICP infants per 1000 live births identifiable in the New England
states referred for definitive treatment [17]. It is reasonable to sup-
pose that these infants represent the sickest children from that era.
Using 2000-2005 as a measurement period, the EUROCAT registry
identified between 2 and 3/1000 infants who had severe and moder-
ately severe CHD lesions at birth [4]. If we accept that the birth prev-
alence of CHD is 8-10/1000, this suggests that up to 25% of infants
born with CHD require early attention.

It would therefore be reasonable to suppase that the proportion of
adults with advanced forms of heart disease is between 10 and 25%

depending on the method of estimation, measurement and jurisdic- :

tion. The limitations of this statement underscore the need for more
uniform disease severity definitions, based on anatomy and health
services utilization across the life-span as well as measurement
based studies in the US.

4. Summary and future directions

Prevalence at birth rates are the best proxy available to estimate
incident or new cases of CHD born each year. Available population

data from industrialized nations suggest that birth rates of CHD are 3
between 8 and 10/1000 live births with CHD patients requiring inter- :

vention at an early age accounting for up to 25% of these. Ultimately,
disease distribution in adults is determined by disease distribution at
birth and survival. The proportion of adults with severe or complex
CHD is probably between 10 and 25%.

The sex distribution of the CHD population at birth and during :

adulthood will impact future trends in the total number of patients
with CHD as well as the sex and disease distribution of CHD in

Table 1
Estimated and measured proportion of patients with complex or severe CHD in the
ACHD population.

Complex or severe CHD

Estimated (assuming all treated) 14%
Hoffman IE et al. Am Heart ] 2004; 147:425

Estimated (assuming none treated) 5%
Haffman IE et al. Am Heart | 2004; 147:425

Estimated 15%
Warnes CA et al. JACC 2001; 37:116

Measured in the general population 9%

Marelli A] et al. Circulation 2007; 115:163
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generations to come. This is likely to be influenced by preventive
measures aimed at decreasing congenital malformations in the fetus
and variations in laws governing pregnancy termination,

Where exact survival estimates are not available the closest ap-
proximation remains to be mortality. Using CDC data in the US, infant
mortality due to CHD, death from CHD and death from specific cya-
notic and acyanotic lesions have been shown to consistently decrease
between 1979 and 2005. Using Canadian data we observed a shift in
mortality away from the young and towards older adults. Thus the
pediatric CHD population is aging with the median age of those
with severe disease on the cusp of adulthood. At the other end of
the spectrum, there are sufficient numbers to turn our attention to
geriatric ACHD patients, perhaps with more simple forms of CHD
but with a growing burden of acquired disease.

Measuring the prevalence of CHD across the life-span remains a
challenge. We observed a significant rise in the prevalence of severe
CHD in adults compared to children consistent with the notion of in-
creased survival and observed decrease in mortality of the CHD pop-
ulation. Extrapolating Canadian data to the US, it is estimated that
2-3 million people are living with CHD in the US of which adults con-
stitute at least half.

The unique needs of this population center around life-long
co-morbidities. Using the Quebec CHD database we have documented
the impact of ongoing disease burden including atrial arrhythmias
[21], pulmonary hypertension [22] and repeated need for interven-
tions [23] resulting in significant increases in health services utiliza-
tion during childhood [24], transition years [25] and adulthood [26]
extending into the geriatric populations [14] which are at the cross-
roads between congenital and acquired lesions. The demographics
of this population will continue to evolve requiring a growing need
for CHD expertise that crosses age groups and spans general and
sub-specialty care. The trends in long-term outcomes and health ser-
vices utilization are an important departure point for studies measur-
ing and improving the quality of care for these patients.
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