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Introduction

At present, 90% of patients born with congenital heart 
disease (CHD) grow to adulthood. Consequently, there 
are more adults with CHD than children with CHD, and 
the number is expected to grow (1). Health conditions 
acquired lesions with aging, such as hypertension, diabetes 
mellitus, and obesity, can negatively impact the original 
cardiovascular disease (CVD). Furthermore, atherosclerosis 
may pose an additional health problem in adults with CHD 
(ACHD); ACHD are at risk of developing atherosclerotic 
CVD when they reach the age at which atherosclerosis 

becomes clinically relevant (2-10). Empirical evidence 
suggests that ACHD are also prone to developing coronary 
artery disease (CAD). The prevalence of cardiovascular 
risk factors in these patients is similar to that in the 
general population (6,7). Adults with acyanotic CHD have 
a similar prevalence of CAD to the general population 
(3,4). ACHD may be at increased risk for premature CAD 
for several reasons: abnormal coronary artery anatomy, 
inflammation and scarring of the coronary arteries from 
surgical manipulation or the abnormal anatomy underlying 
the CHD, reperfusion injuries during cardiac surgery, 
associated genetic syndromes, ventricular hypertrophy or 
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dilation, and aortopathy with dilated aorta and increased 
aortic stiffness. 

ACHD, especially those with cyanotic types of CHD, 
even after repair, have a minimal incidence of CAD (2,8-12).  
However, even in those with cyanotic CHD, CAD can 
develop in those with several risk factors for CAD and 
limited exercise (4). 

Metabolic syndrome is a constellation of risk factors for 
CVD, including obesity, dyslipidemia, insulin resistance, 
and hypertension.

 
These risk factors are associated with 

excessive acquired CVD and type 2 diabetes mellitus,
 
as 

well as increased mortality in general (13,14). Metabolic 
syndrome has a higher prevalence in ACHD than in 
the general population, and its prevalence increases 
with age (13,14). ACHD are now living longer, with 
increasing CAD risk, which may increase the incidence 
of atherosclerotic CAD in ACHD. Atherosclerosis may 
therefore pose an additional health problem to ACHD as 
time goes forward (2-6). The development of metabolic 
syndrome, hypertension, diabetes, dyslipidemia, and obesity 
also pose significant additional risk in ACHD (2,7). 

Prevalence of CAD in ACHD 

Yalonetsky et al. (4) examined 12,124 ACHD with CAD 
and reported that 1% (141/12,124) had both CHD and 
obstructive CAD (age: 56±13 years). In these 141 patients, 
five conditions led to higher prevalence of obstructive 
CAD: atrial septal defect (35%), bicuspid aortic valve 
(18%), tetralogy of Fallot (TOF) (9%), coarctation of 
the aorta (COA) (7%) and Eisenmenger syndrome (6%). 
Traditional risk factors were commonly observed in these 
patients (82%). In particular, all patients with significant 
cyanosis and Eisenmenger syndrome had several risk 
factors for CAD. The researchers concluded that CAD 
was observed even in adults with cyanotic CHD when 
they had several traditional risk factors. Systemic arterial 
hypertension and hyperlipidemia were strong predictors 
of CAD in these patients. Giamberti et al. (15) reported 
that, of a total of 1,154 ACHD who underwent surgery, 50 
(4.3%, mean age 66 years) were diagnosed with acquired 
CAD and required coronary artery bypass grafting. The 
primary diagnoses were atrial septal defect (n = 40), TOF 
(n = 4), ventricular septal defect (n = 2), and others. Stulak  
et al. performed concomitant coronary artery bypass grafting 
at the time of CHD repair in 122 patients (median age  
64 years) (16). Thirty (25%) of these patients had 
preoperative angina, seven (6%) had previous myocardial 

infarction, and six (5%) had previous percutaneous 
intervention. The most common primary cardiac diagnoses 
were secundum atrial septal defect (60%), Ebstein’s anomaly 
(11%), and partial anomalous pulmonary venous connection 
(7%). Bokma et al. (17) examined 167 patients >50 years 
of age with repaired TOF, and found during follow-up 
that 11 had CAD (2 with coronary revascularization and 
3 with myocardial infarction; 6 were stable). The incidence 
of myocardial infarction was similar to that in the general 
population. Egbe et al. (18) reported that, based on a 
selected cohort of 105 repaired-TOF patients (mean age 
47±12 years), the prevalence of mild CAD and significant 
CAD was 19% and 15%, respectively. Bokma et al. (19) 
reported that in 6,904 ACHD, 55 had CAD (mean age 
55.1±12.4 years) and traditional atherosclerotic risk factors 
(hypertension, hypercholesterolemia, and smoking). 
Basuer et al. (20) investigated 539 ACHD and found that 
16 (3.0%) had CAD. Tutarel et al. (21) reported that of 
375 ACHD aged 64.8±5.9 years, 55 died during a median 
follow-up of 5.5 years. The strongest prognostic factors for 
mortality were CAD, symptoms of heart failure, New York 
Heart Association (NYHA) class, and moderate to severe 
reduction in systemic ventricular systolic function. Johnson 
et al. (22) reported that 16 out of 73 (22%) ACHD who 
were referred for CAD screening prior to CHD surgery did 
in fact have CAD. ACHD with CAD were more likely to be 
older and have a history of hypertension, dyslipidemia, and 
tobacco smoking. 

All in all, the prevalence of significant CAD among 
ACHD was similar to that in the general population. 
Traditional cardiovascular risk factors for CAD also applied 
to ACHD, in whom primary prevention of CAD was 
similarly important.

Low prevalence of CAD in adults with cyanotic 
CHD 

In 2004, a series by Perloff (2) revealed minimal or absent 
signs of atherosclerosis on coronary angiography in 25 
cyanotic women and 24 cyanotic men with mean ages of 
43±4 years and 41±6 years, respectively. A more recent 
series in 2009 describing 250 patients in the UK who 
underwent selective coronary angiography for reasons 
other than suspected CAD revealed that the prevalence 
of significant CAD in a hospital ACHD cohort (9.2%) 
was similar to that in the general population. No patient 
younger than 40 years old had significant CAD. Systemic 
arterial hypertension and hyperlipidemia were strong 
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predictors of CAD. However, none of the cyanotic patients 
included had significant CAD (3). Moon et al. (23) reported 
that adults with cyanotic CHD had a significantly lower 
risk of high lipid levels, including low density lipoprotein 
(LDL) cholesterol, hyperlipidemia, diabetes, hypertension, 
and metabolic disorder, than surgically corrected ACHD 
and healthy controls. This result is consistent with the 
findings of Martínez-Quintana et al. that patients with 
cyanosis had significantly lower levels of total cholesterol 
and LDL cholesterol than those without cyanosis (24). 
Hypocholesterolemia can be explained by the genetic 
determinants of cyanosis, hypoxemia, erythrocytosis, 
and related factors. Regardless of the theoretical risk of 
atherosclerosis in ACHD, most adults with cyanotic CHD 
had a minimal incidence of CAD (1-3,7-10).

Coronary circulation in adults with cyanotic CHD

The coronary arteries were tortuous and markedly dilated in 
15% of the adults with inherently cyanotic CHD, according 
to coronary arteriography (2,11,12). Mild to moderate 
dilatation of the extramural coronary arteries in cyanotic 
CHD occurs in response to a collaboration between 
endothelial vasodilator nitric oxide and prostaglandins. This 
collaboration is provoked by increased endothelial shear 
stress of the erythrocytotic perfusate (2,25,26), which also 
affects the proliferation of systemic vascular bed. Marked 
dilatation is due to medial structural degeneration that 
weakens the coronary artery walls and acts in concert with 
vasodilatation induced by endothelial nitric oxide synthase 
(10,25,27). At the same time, angiogenesis in the lung field 
can develop from the coronary artery, ascending aorta, 
subclavian artery to pulmonary arteries, and other collateral 
arteries, such as pulmonary artery to pulmonary vein 
collaterals, venous-venous collaterals, and other multiple 
collaterals, including peri-coronary arterial collaterals, due 
to vascular endothelial growth factor and other growth 
factors that are seen at elevated levels in adults with cyanotic 
CHD (28).

Factors related to the lower incidence of coronary 
atherosclerosis in adults with cyanotic CHD 

Numerous physiological characteristics seen in adults 
with cyanotic CHD may be responsible for the low 
incidence of atherosclerosis in this population. Hypoxemia, 
hypocholesterolemia, upregulation of nitric oxide levels, 
hyperbilirubinemia, and low platelet counts are protective 

factors against atherosclerosis in adults with cyanotic CHD 
(9,10). 

Hypoxemic erythrocytotic residents of high altitudes 
show low coronary atherosclerosis and serum cholesterol 
levels (2,29). Likewise, cyanotic CHD is one of the causes 
of hypocholesterolemia, and reduced levels of both total 
cholesterol and LDL cholesterol (11). Decreased total 
cholesterol is related to low intima-medial thickness, as 
has been demonstrated in the general population (30). 
The etiology of low intima-medial thickness includes 
cyanosis (systemic arterial hypoxemia), erythrocytosis, and 
genetic factors (11). Persistence of hypocholesterolemia 
after surgical elimination of cyanosis, hypoxemia, and 
erythrocytosis implies the induction or suppression of 
hypocholesterolemia-inducing genes. Low to normal levels 
of high-density lipoprotein (HDL) cholesterol have also 
been noted in adults with cyanotic CHD (11). Furthermore, 
a number of rare genetic disorders may be associated 
with low HDL cholesterol levels. On the other hand, the 
low HDL cholesterol levels may be related to the limited 
exercise often seen in adults with cyanotic CHD. 

In contrast to the above-sited studies, a recent report 
on the prevalence of subclinical atherosclerosis in a 
larger population of adults with cyanotic CHD found no 
significant differences between cyanotic CHD patients 
and controls in coronary artery calcification score, carotid 
plaques, carotid plaque thickness max, or carotid intima 
media thickness (31). There were also no significant 
differences in lipoprotein concentrations. 

Hypoxemia is associated with a decrease in atherogenic 
oxidized plasma LDL cholesterol and a decrease in intimal 
oxidized LDL cholesterol. Larger LDL cholesterol particles 
are relatively resistant to oxidation, and the lack of small, 
dense, oxidation-sensitive LDL cholesterol in adults with 
cyanotic CHD may function in a similar manner (2,11). A 
relationship between oxygen saturation and atherosclerosis 
in vascular beds is relevant. In the normal pulmonary 
circulation, atherosclerosis is common, especially after  
40 years of age, despite hypoxemia (2). Even when oxygen 
saturation in the pulmonary bed is increased by a left-to-
right shunt, the prevalence of atherosclerosis remains the 
same or increases slightly compared with those without a 
left-to-right shunt (2). 

Nitric oxide is an antiatherogenic factor because, as 
a paracrine molecule, it opposes platelet adherence and 
aggregation, stimulates disaggregation of preformed 
platelet aggregates, inhibits monocyte adherence and 
infiltration, inhibits smooth muscle cell proliferation, and 
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turns off transcription of intercellular adhesion molecule-1 
(ICAM-1), which governs adhesion of monocytes to the 
endothelium (25). The bioavailability of nitric oxide, a 
signaling molecule synthesized from L arginine and oxygen, 
is increased in adults with cyanotic CHD. This is due to 
increased endothelial shear stress induced by the viscous 
erythrocytotic perfusate, which is a major factor in inducing 
gene expression of nitric oxide and endothelial nitric oxide 
synthase (2,25,32). Nitric oxide exerts its anti-atherogenic 
effects through countering platelet aggregation, stimulating 
disaggregation of preformed platelet aggregates, and 
inhibiting monocyte adherence and infiltration (10,32). In 
addition, red blood cells are nitric oxide reservoirs and red 
cell mass is increased in adults with cyanotic CHD (33). 

 Hyperbilirubinemia is frequently observed in adults 
with cyanotic CHD due to secondary erythrocytosis. This 
is because bilirubin is formed from the breakdown of 
heme, a process made excessive by the increased red cell 
mass seen in adults with cyanotic CHD (2,34). Bilirubins 
are endogenous antioxidants that inhibit LDL cholesterol 
oxidation and reduce atherosclerotic risk (32,35). Gilbert’s 
disease, a benign hereditary disorder of hepatic bilirubin 
metabolism, is accompanied by high levels of unconjugated 
bilirubin and immunity from coronary atherosclerosis (35). 

Low platelet counts are antiatherogenic (10,36), and 
platelet counts are typically low or thrombocytopenic 
in adults with cyanotic CHD. This is because whole 
megakaryocytes are shunted from the systemic venous 
circulation into the systemic arterial circulation, so that they 
cannot shed platelets by cytoplasmic fragmentation in the 
pulmonary vascular bed. Platelet counts correlate negatively 
with the magnitude of the right-to-left shunt. Although 
not risk factors for atherosclerosis, thrombocytopenia and 
secondary erythrocytosis are frequently observed in severely 
cyanotic patients. Contrary to the increased bleeding 
tendency caused by thrombocytopenia, hyperviscosity 
increases thrombotic risk (34). We noted this increased 
hyperviscosity by demonstrating significantly increased 
hemoglobin, hematocrit, and erythrocyte levels in adults 
with cyanotic CHD (2). 

Risk factors for CVD in different population of 
ACHD 

CVD in ACHD is as prevalent as in the general population, 
and has become a leading cause of mortality. Furthermore, 
specific populations of ACHD have high-risk lesions that 
are associated with an increased risk of CVD complications. 

These ACHD may therefore warrant intensified screening 
and treatment (37). The risk of premature atherosclerotic 
CVD in ACHD is mainly based on two types of background 
mechanisms: lesions with coronary artery abnormalities, 
such as origin of the left main coronary artery from the right 
sinus of Valsalva, and obstructive lesions of the left ventricle 
and aorta, such as COA or supra-aortic stenosis. In addition, 
certain surgical repair procedure for CHD, like the Ross 
procedure or Jatene procedure, may result in abnormalities 
of the coronary arteries. Cardiovascular risk may also vary 
with the type of CHD. Specific conditions in which the 
coronary arteries are directly affected or surgically altered 
may confer greater risk for premature atherosclerotic CAD. 
Coronary artery re-implantation at the time of arterial 
switch repair in dextro-transposition of the great arteries 
(dTGA) was reported to result in abnormal coronary 
flow reserve, and intracoronary ultrasound revealed that 
some patients develop intimal proliferation, a precursor to 
atherosclerosis (38). Left-sided obstructive lesions may also 
be associated with accentuated cardiovascular risk. COA, 
even after repair, is commonly associated with systemic 
hypertension, and aortic stenosis can be associated with 
left ventricular hypertrophy and diastolic dysfunction, 
known risk factors for adult-onset cardiovascular morbidity 
and mortality (7). Furthermore, aortopathy (aortic root 
dilatation and stiffness of the aorta) with pathophysiological 
aortic medial degeneration can have a negative influence on 
coronary artery flow in ACHD, and that may induce CAD 
with advanced age (39). Aortopathy is observed in patients 
with Marfan syndrome, bicuspid aortic valve, TOF, dTGA, 
hypoplastic left heart syndrome, and other CHD (40,41). 

Coronary artery anomalies and post-coronary artery re-
implantation surgery: anomalous origin of a coronary 
artery from a different sinus 

The origin of the left main coronary artery from the right 
sinus of Valsalva is associated with sudden death, particularly 
during or immediately after strenuous exercise (42).

  

In these patients, autopsies may reveal subendocardial 
scars and, occasionally, large myocardial infarction. 
Atherosclerosis in a segment of the abnormal artery has 
been demonstrated even in young individuals with this 
disorder (43-46).

 
Six out of eight patients with both the 

right coronary artery and left coronary artery originating 
from one aortic sinus exhibited significant narrowing of 
the coronary artery due to atherosclerotic plaque (44). In 
addition, symptomatic patients with a single coronary artery 
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and ischemia nearly always have associated atherosclerosis. 
Click et al. (43) reported that stenosis is significantly greater 
in an anomalous circumflex artery than in a non-anomalous 
circumflex artery in control subjects matched for age, 
gender, symptoms, and degree of atherosclerosis of non-
anomalous coronary arteries. The unusual angle of takeoff 
and more tortuous course of the proximal portion of the 
anomalous coronary artery predisposes it to accelerated 
atherosclerosis. This is because the junction point of the 
bound portion of the anomalous artery and the free portion 
as it wraps around the aorta is an area susceptible to lipid 
accumulation.

Previous studies, as described above, suggested a 
predilection for accelerated atherosclerosis in some forms 
of coronary artery anomalies, whereas other studies (47,48) 
found no increased incidence of atherosclerosis associated 
with such anomalies. All in all, the prevailing opinion is that 
coronary segments with an anomalous course are no more 
vulnerable to obstructive disease than normal segments 
in the same individual (47). Diez et al. (48) used coronary 
angiography to examine coronary anomalies, and found that 
they were more common in women, but overall, 57 of 110 
patients with coronary anomalies (52%) had no obstructive 
disease. Conversely, patients without obstructive disease had 
an increased incidence of coronary anomalies (8.6% versus 
4.9%). 

Post-coronary artery re-implantation surgery; dTGA after 
arterial switch operation, Ross procedure, and anomalous 
origin of left coronary artery from the pulmonary artery 
(Bland-White-Garland syndrome)

Coronary manipulation is necessary in the arterial switch 
operation for dTGA and anomalous origin of the left 
coronary artery from the pulmonary artery. Coronary 
ostial stenosis or coronary artery kinking may progress 
over time, and there may be an increased risk of associated 
atherosclerosis (43).

 
In patients with dTGA after arterial 

switching, intravascular ultrasound revealed coronary 
intimal thickening/early coronary atherosclerosis in 
translocated coronary arteries (49). Also, five years after 
undergoing an arterial switch operation for dTGA, the 
patients showed significantly less epicardial coronary 
dilatation in response to nitroglycerin. Further, coronary 
arterial flow reserve was reduced after acetylcholine 
administration (50). Nearly one-third of patients who 
underwent arterial switching or the Ross procedure were 
obese or overweight. Pasquali et al. (38) reported that obese 

arterial switch operation patients, in comparison with 
normal-weight atrial switch operation patients and controls, 
had a higher systolic blood pressure, night-time diastolic 
blood pressure load, and left ventricular mass index, as 
well as lower brachial artery reactivity. Also, in obese 
arterial switch operation patients, the carotid intima-media 
thickness was slightly increased, and significantly higher 
triglyceride and lower HDL cholesterol levels were seen. 
Moreover, Pasquali et al. (51) reported that nearly one-third 
of patients undergoing an arterial switch operation or Ross 
procedure were obese or overweight. Obese/overweight 
status was not related to activity restriction or early feeding 
practices, but was associated with parental obesity. Obese 
or overweight patients had a higher left ventricular mass. 
Obesity and associated comorbidities may pose additional 
cardiovascular risk in this unique population who underwent 
coronary artery reimplantation in childhood.

Obstructive lesions of the left ventricle and aorta: 
coarctation of the aorta

One of the CHDs associated with an increased risk of CVD 
in adulthood is obstructive lesions of the left side of the 
heart.

Cohen et al. (52) reported that, of 571 COA patients 
in long-term follow-up, 11% required subsequent 
cardiovascular surgery, 25% developed hypertension, and 
87 succumbed late death. The most common cause of late 
death was CAD in 32 patients, followed by sudden death, 
heart failure, cerebrovascular accidents, and ruptured aortic 
aneurysm. COA, even after complete repair, is commonly 
associated with systemic hypertension and exercise-induced 
hypertension, which is related to the pathophysiology for 
acquired CVD such as early onset atherosclerosis (53,54). 
Arterial abnormalities may persist after COA repair and 
result in long-term systemic hypertension and increased 
risk for CVD. Hypertension is related to constriction of 
the aorta at the site of repair, but COA may be associated 
with abnormal vascular reactivity, arterial wall abnormality 
(aortic medial degeneration/ aortopathy), or baroreceptor 
dysfunction (55-57). The prevalence of hypertension at 
rest after repair of COA is at least 10% (58).

 
Exercise-

induced systolic hypertension may also develop in patients 
after repair of COA, even when their blood pressure 
is normal at rest (59).

 
Beyond hypertension, COA is 

associated with other important sequelae that lead to 
morbidity and mortality. Cerebrovascular accidents occur 
in association with systemic hypertension, especially in 
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patients with cerebral arterial aneurysms, 10% of whom 
have accompanying COA (60). Aortic dissection in the 
ascending aorta or near the COA repair site may also 
develop (41). Persistent hypertension, association with 
bicuspid aortic valve, aortic atherosclerosis, and dilated 
aorta (aortopathy) predispose COA patients to serious 
cardiovascular risk (53,54). Persistent hypertension, older 
age at repair, association with bicuspid aortic valve, aortic 
atherosclerosis, and dilation of the aorta proximal to the 
repair site all predispose coarctation patients to this serious 
risk (59). Roifman et al. (61) compared 756 patients with 
COA and 6,481 with ventricular septal defects, and found 
that 37/756 (4.9%) and 224/6,481 (3.5%) had a history 
of CAD, respectively. Male sex, hypertension, diabetes 
mellitus, and hyperlipidemia all independently predicted the 
development of CAD. COA did not independently predict 
the development of CAD or premature CAD. Although 
traditional cardiovascular risk factors did independently 
predict the development of CAD, the diagnosis of 
COA alone did not. Fedchenko et al. (62) conducted 
comprehensive cardiovascular risk assessment of 72 adults 
with COA (age 43.5 years). Sixty-six (91.7%) patients had 
at least one cardiovascular risk factor and 40.3% had three 
or more risk factors. More than half of the patients had 
hyperlipidemia (n=42, 58.3%) and 35 patients (48.6%) were 
overweight or obese. Of the 60 patients who underwent  
24-hour ambulatory blood pressure measurement, 33 
(55.0%) were hypertensive. Cardiovascular risk factors 
among patients with COA are prevalent. This suggests a 
need for more aggressive screening strategies for traditional 
risk factors to minimize the risk of these patients also 
developing atherosclerotic disease. 

Obstructive lesions of the left ventricle and aorta: aortic 
stenosis

Another obstructive lesion of the left side of the heart in 
aortic stenosis. Aortic stenosis develops most often at the 
level of the aortic valve, but can develop at supravalvular 
and subvalvular regions, resulting in myocardial damage 
and CVD. Valvular aortic stenosis occurs in 3% to 6% of 
patients with CHD (63).

 
Aortic stenosis associated with 

left ventricular hypertrophy and diastolic dysfunction is 
a known risk factor for adult-onset CVD mortality and 
morbidity (64). Moreover, myocardial blood flow may be 
compromised in patients with aortic stenosis despite normal 
coronary artery patency. Increased myocardial work results 
in increased demand for oxygen, exceeding the capacity 

of the coronary supply (abnormal coronary flow reserve). 
Aortic stenosis during childhood can progress and may 
therefore be associated with increased left ventricular 
mass and increased risk for CVD as adults. Increases in 
the left ventricular outflow tract gradient are heightened 
by progressive calcification of the aortic valve (63).

 

Supravalvular aortic stenosis [most commonly associated 
with Williams syndrome (65)]

 
is associated with coronary 

ostial stenosis and hypertension in the ascending aorta and 
subsequent coronary arterial stenosis, and may result in 
myocardial ischemia and exercise-induced syncope. Aortic 
stenosis-associated renal arterial stenosis can also induce 
systemic hypertension (53,66).

 

Aortopathy and CAD

The aorta in some types of CHD, such as bicuspid aortic 
valve, COA, and TOF, among others, can dilate, become 
aneurysmal, and may rupture (27,41). In adults with these 
types of CHD, reduced aortic elasticity and increased 
stiffness of the dilated aorta can induce aortic regurgitation, 
reduce coronary artery flow, and negatively impact left 
ventricular systolic and diastolic function (left ventricular 
hypertrophy and failure). In this way, aortopathy in ACHD 
can have an unfavorable influence on coronary artery flow 
and may induce CAD with advanced age (41). Senzaki 
et al. (67) describe abnormal ventriculoarterial coupling 
(increased aortic stiffness) in repaired TOF. They found 
that TOF patients (38 repaired TOF patients vs. 55 
controls) had a higher impedance, pulse wave velocity, and 
arterial wave reflection, and lower total peripheral arterial 
compliance, in addition to increased aortic wall stiffness and 
increased aortic root diameter, compared with the controls. 
Central and peripheral arterial wall stiffness are increased 
even after TOF repair. Abnormal arterial elastic properties 
in repaired TOF induce increased left ventricular afterload, 
decreased coronary artery flow, and aortic dilatation, and 
these may develop into systolic and diastolic dysfunction of 
the left ventricle.

Causes of death in ACHD

The mortality of ACHD is continuing to decline, and their 
causes of death are changing. Among adults with cyanotic 
lesions, such as TOF and dTGA after repair, the primary 
cause of death was arrhythmia, followed by heart failure (68). 
However, for adults with noncyanotic lesions, the major 
cause before 1990 was arrhythmia; after 1990, myocardial 
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infarction became the leading cause of death in ACHD 
in the US. Myocardial infarction is now the leading cause 
of death for adults with noncyanotic CHD worldwide, 
consistent with the long survival and increasing impact 
of acquired heart disease. However, arrhythmia remains 
the primary cause of death for those with cyanotic lesions. 
Whether the leading cause of death will change for adults 
with cyanotic CHD in the near future remains unknown 
because of its antiatherogenic properties. 

Metabolic syndrome and risk factors for CAD in 
ACHD 

ACHD are at risk of developing atherosclerotic CVD. 
Empirical evidence further suggests that ACHD are prone 
to developing CAD. The prevalence of cardiovascular risk 
factors in these patients is similar to that in the general 
population (6,69,70).

Metabolic syndrome 

Metabolic syndrome is a constellation of risk factors for 
CVD, including obesity, dyslipidemia, insulin resistance, 
and hypertension.

 
These risk factors are associated with 

excessive acquired CVD and type 2 diabetes mellitus,
 
as 

well as increased mortality in general (14,25). According 
to one study on CVD risks in ACHD (71), the prevalence 
of metabolic syndrome in ACHD in Japan was 16%; far 
greater than the 5.5% prevalence of metabolic syndrome in 
the general population in Japan (NCEP ATP III) (72). In 
the US, Deen et al. (13) also report that metabolic syndrome 
was more common in ACHD than in controls (15.0% 
vs. 7.4% in 448 ACHD and 448 controls, respectively). 
However, in Germany, Häcker et al. (73) found that 72 out 
of 512 ACHD aged 43.0±9.6 years (14.1%) had metabolic 
syndrome, compared with 21.5% in a 40- to 49-year-
old cohort from a general population-based sample (74). 
Regarding severity class, patients with simple, moderate, 
and severe forms of ACHD had a metabolic syndrome 
prevalence of 11.8%, 16.7%, and 13.8%, respectively. In 
Korea, Moon et al. (23) reported that adults with repaired 
acyanotic CHD had a higher rate of hypertension, diabetes 
mellitus, and hypercholesterolemia than those with cyanotic 
CHD and healthy controls. Metabolic syndrome had the 
highest distribution in the adults with surgically corrected 
CHD (1.48 times higher than in the controls). Looking 
more closely at the individual components of metabolic 
syndrome, subjects in the adults with surgically corrected 

CHD group had higher blood pressure, higher fasting 
blood sugar, higher triglycerides, lower HDL cholesterol, 
and higher rates of obesity than adults in the cyanotic CHD 
group and control groups. This suggests that metabolic 
syndrome is more common among adults with acyanotic 
CHD than in the general population. 

ACHD should be screened for metabolic syndrome and 
risk factors to prevent atherosclerotic CAD. A sedentary 
lifestyle may be an independent risk factor for accelerated 
atherosclerosis and obesity. Therefore, preventive care 
for metabolic syndrome should include healthy lifestyle 
counseling, blood pressure monitoring, and screening 
for lipid abnormalities and insulin resistance. Cardiac 
rehabilitation has been demonstrated to improve the 
exercise performance of children with CHD, even those 
with known residual cardiac dysfunction (75).

 
After proper 

exercise capacity evaluation, most ACHD should be able to 
perform appropriate aerobic activities. In addition,

 
pediatric 

cardiologists have an important role to play in preventive 
cardiology counseling of children with CHD during the 
transition process, because atherosclerosis is known to start 
during childhood.

 

Overweight/obesity

In a study of 224 Japanese ACHD, it was reported that the 
prevalence of obesity [body mass index (BMI) ≥30 kg/m2]  
was higher in ACHD than in the general Japanese 
population (10.1% vs. 2.9%) (71,76). In a previous report, 
the prevalence of obesity and overweight in ACHD was 
similar to that in the general national population (77). In 
one published study, 26% of 1,532 children with CHD 
were overweight or obese (7). In a study from Belgium, 
the prevalence of obesity and hypertension in ACHD was 
higher than that in the general population (6). Furthermore, 
obesity was present in 30% of adults with moderate and 
complex CHD requiring surgery (5). Nearly one-third of 
patients with a history of dTGA after an arterial switch 
operation were obese (38).

 
In previous studies on patients 

with single ventricle who had undergone Fontan procedure, 
obesity was present in 11% of pediatric patients and 17% 
of adult patients (78,79).

 
Several recent studies report that 

patients who have undergone Fontan procedure have an 
increased prevalence of obesity (80-82). In contrast, Zaqout 
et al. (83) collected data on 539 ACHD and found that 
men with a ventricular septal defect, COA, and Fontan 
circulation, and women with Fontan circulation had a lower 
average body weight than their reference group. Being 
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underweight was more prevalent in women with severe 
lesions than in the reference group (22.2% vs. 3.8%). 

The association of obesity with CHD may complicate 
the management of ACHD, who are already at risk 
for ventricular dysfunction, arrhythmias, and heart 
failure (84,85).

 
Obesity is independently associated with 

hypertension and endothelial dysfunction. One of the 
contributing factors for obesity in ACHD, especially in 
those with moderate to severe ACHD, is physical inactivity. 
ACHD are frequently self-restrictive for exercise (86,87).

 

Moreover, as many grew up with a desire to gain weight 
early in life when weight gain was poor, they may be 
affected by high-caloric supplemental diets. ACHD possess 
unique risk factors for developing obesity, including exercise 
restriction and differing nutritional strategies in infancy 
and early childhood (6,77,88,89).

 
Although restrictions on 

competitive sports are recommended for certain high-risk 
populations, most patients with repaired CHD may exercise 
safely; however, medical providers and parents often 
impose unnecessary exercise restrictions (90). Increased 
physical activity and aerobic exercise play an important 
role in reducing cardiovascular risk.

 
However, questions 

still remain regarding this effect in ACHD. Similar to 
the general population, obesity is a major risk factor for 
the development of metabolic syndrome in ACHD (91). 
Similar growth patterns seen in infants without CHD are 
associated with obesity and a greater risk of adult CVD 
(92,93).

 
Lerman et al. recently reported that, compared with 

controls, ACHD had a similar prevalence of overweight 
and obesity, but a lower prevalence of morbid obesity (94).  
Although they had a higher incidence of obesity, some 
ACHD, especially those with complex CHD or cyanotic 
CHD, had sarcopenia (95), and they had higher intakes of 
calories, protein, and fat than those in a national survey, 
despite decreased skeletal muscle mass. Amino acid 
intake plus resistance training may improve the body fat 
percentage and skeletal muscle mass in ACHD.

Hypertension 

Systolic blood pressure has been found to be higher in 
overweight and obese ACHD than in those of normal 
weight (7,53). Mechanistically increased afterload due to 
hypertension can induce left ventricular hypertrophy, which 
leads to increased left ventricular mass, and these factors 
adversely affect the delicate physiology of complex CHD 
(e.g., Fontan or systemic right ventricular physiology) 
as well as underlying CHD with valvular regurgitation 

and ventricular dysfunction. Furthermore, systemic 
hypertension is another important cardiovascular risk factor 
that can lead to premature CAD, stroke, arrhythmia, and 
CVD. The prevalence of hypertension in ACHD (71) is 
lower than that in the general Japanese population (15.1% 
vs. 26.5% in males). A recent study on blood pressure 
in 100 ACHD (age, 37.0±15.0 years) (96) reported an 
average blood pressure of 117.7±20.1/69.7±14.3 mmHg, 
with a central blood pressure of 119.9±21.5 mmHg. 
Hypertension was observed in 16 (16%). The determinants 
of high systolic blood pressure were age, hemoglobin 
A1c, and total cholesterol. High systolic blood pressure 
is common in ACHD; therefore, monitoring and strict 
blood pressure control are essential. In the Belgian study 
described above, 13% of ACHD were hypertensive (6).

 
In 

an older population of ACHD (age >65 years), 47% were 
hypertensive (97); however, many of them had simple CHD. 
In general, hypertension in this population is essential 
hypertension. There are, however, patients with moderate 
or complex CHD who have substantially increased risk of 
hypertension, including COA. Although hypertension was 
noted in only 4% of the CHD group as a whole, as many as 
46% of patients became hypertensive after COA repair (98).

 

Hypertension may increase the risk of aortic dilation in 
ACHD prior to COA repair, bicuspid aortic valve, TOF, or 
dTGA after arterial switch operation. However, the effects 
of longstanding hypertension on ACHD remain unknown. 

Dyslipidemia 

In one study of ACHD (71), lipid profiles were within 
normal limits: mean total cholesterol was 177 mg/dL, mean 
LDL cholesterol was 101 mg/dL, mean HDL cholesterol 
was 54 mg/dL, and mean triglycerides level was 126 mg/dL.  
There were no differences between the cyanotic and 
acyanotic CHD groups. In another report on CHD 
patients and serum cholesterol levels (99), children with 
cyanotic CHD had lower cholesterol levels than those with 
acyanotic CHD and arrhythmia patients, and this tendency 
increased with age. There is no evidence to suggest that 
the prevalence of dyslipidemia is higher in ACHD than 
in the general population (4,100). One UK single-center 
study of 250 ACHD (mean age 51 years) reported the 
prevalence of dyslipidemia to be 19.1%, with dyslipidemia 
being a strong risk factor for CAD (3). The prevalence of 
dyslipidemia, however, decreased with increasing cardiac 
lesion complexity. Data from the Quebec Congenital Heart 
Disease Database revealed the prevalence of dyslipidemia 

https://www.frontiersin.org/articles/10.3389/fneur.2019.00329/full#B66
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to be 27% in patients over the age of 65, which is lower 
than estimates for the general population (101). Adults with 
cyanotic CHD have lower total cholesterol than acyanotic 
patients (10,11). This effect persists even in patients 
surgically corrected to have acyanotic circulation (11). 
Martinez-Quintana et al. reported that ACHD had lower 
total cholesterol and LDL cholesterol levels than non-
CHD patients, although no significant differences were 
noted in lipoprotein (a) concentrations between the groups 
(24,102). Adults with cyanotic CHD have significantly 
lower total and LDL cholesterol levels than non-CHD 
patients; therefore, they may have a lower risk of developing 
atherosclerosis in the future (8,10).

Type 2 diabetes mellitus and impaired fasting glucose levels

Ohuchi et al. reported lower fasting glucose, but higher 
postprandial blood glucose and glycated hemoglobin levels, 
in adult patients with cyanotic CHD and Fontan patients, 
compared with healthy controls (103).

 
Dellborg et al. (104) 

reported that CHD frequently coexists with secondary risk 
factors for CVD, and the development of type 2 diabetes 
mellitus in the ACHD population is not uncommon, with 
an estimated prevalence of 4 to 8% in Sweden. In ACHD, 
the prevalence of type 2 diabetes mellitus and impaired 
fasting glucose were 9.2% and 5.9%, respectively, and there 
was no significant difference between those with cyanotic 
and acyanotic CHD (71). Martinez-Quintana et al. (24)  
identified an increased risk of metabolic dysfunction in 
ACHD, consistent with decreased insulin sensitivity. 
These study results are consistent with previously 
published findings of high abnormal glucose tolerance 
and low HDL cholesterol levels in ACHD (24,103). 
This pathophysiology should be taken into account for 
long-term follow-up of adults with complex CHD (103). 
These ACHD also exhibited activated neurohormonal 
activities, abnormal cardiac autonomic nervous activity, and 
inflammatory cytokines, similar to those demonstrated in 
non-CHD adults with heart failure (105). The treatment 
of conventional cardiovascular risk factors in ACHD can 
be considered secondary prevention, considering the 
relatively high morbidity and risk of mortality in adult 
patients with the combination of CHD and type 2 diabetes 
mellitus. However, a prognostic value for abnormal glucose 
regulation remains unknown, especially regarding prognosis 
for mortality in ACHD. 

Recommendations for ACHD to prevent 
the development of metabolic syndrome, 
atherosclerosis, and CVD

Previous studies have demonstrated that the prevalence of 
cardiovascular risk factors, such as obesity and metabolic 
syndrome, is higher in ACHD than in the general 
population. Repaired ACHD may lead to premature 
atherosclerosis. Many children with repaired CHD have 
limited physical activity during school. A life style of 
avoiding exercise or walking is an independent risk factor 
for atherosclerosis. Moreover, ACHD are more prone to 
obesity. As one means to address this, cardiac rehabilitation 
has been reported to improve the exercise performance 
of ACHD, even those with known residual cardiac 
dysfunction.

 
As ACHD have other abnormalities that may 

make the heart more vulnerable to both the development of 
atherosclerosis and the adverse sequelae of a cardiovascular 
event, evaluation of their CVD risk status should be 
detailed. This is particularly true for ACHD who have risk 
factors for developing CVD. Adults with certain specific 
types of CHD patients are at risk for premature CVD. 
Even in adults with cyanotic CHD, regardless of repair, 
eliminating risk factors for CVD is essential. Preventive and 
therapeutic measures for primary and secondary prevention 
of cardiovascular events should be applied to this special 
group of patients.

Conclusions

Metabolic syndrome has a higher prevalence among ACHD 
than in the general population. The prevalence of CAD is 
similar in adults with acyanotic CHD and in the general 
population. Adults with cyanotic CHD, even after repair, 
have a lower incidence of CAD than those with acyanotic 
CHD. However, even those with cyanotic CHD can 
develop CAD when they have metabolic syndrome or risk 
factors such as obesity, dyslipidemia, hypertension, diabetes 
mellitus, smoking habit, and/or a positive family history of 
CVD, together with limited exercise. The prevalence of risk 
factors for CVD is similar between ACHD and the general 
population. An increased risk of coronary atherosclerosis is 
observed in congenital coronary artery anomalies, dTGA 
after arterial switch operation, Ross procedure, and COA. 
Aortopathy may be an additional risk factor for CVD. As 
ACHD have other abnormalities that may make the heart 
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more vulnerable to both the development of atherosclerosis 
and adverse sequelae of a cardiovascular event, it may be 
reasonable to regularly evaluate their CVD risk status. 
This is especially true for ACHD with specific types of 
CHD that confer higher risk; therefore, all ACHD should 
be monitored closely, regardless of having risk factors for 
CAD. 
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