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Cyanotic Congenital Heart Disease and Coronary
Artery Atherogenesis

Alistair Fyfe, MD, PhDa, Joseph K. Perloff, MDb,*, Koichiro Niwa, MDc,
John S. Child, MDb, and Pamela D. Miner, MN, NPb

Hypoxemic erythrocytotic residents of high altitudes lack coronary atherosclerosis
and have low cholesterol levels. It was postulated that hypoxemic erythrocytotic
adults with cyanotic congenital heart disease (CCHD) might be analogous. The
incidence of coronary atherosclerosis in this patient population has not been estab-
lished, and hypocholesterolemia has not previously been recognized. Accordingly, 279
patients were divided into 4 groups: group A: 143 cyanotic patients not operated on
(54 men and 89 women, aged 18 to 69 years); group B: 47 cyanotic patients (28 men
and 19 women rendered acyanotic by operation at age 22 to 69 years); group C: 41
acyanotic patients not operated on (22 men and 19 women, aged 22 to 75 years); and
group D: 48 patients acyanotic before and after operation (24 men and 24 women,
aged 21 to 70 years). Coronary arteries were studied angiographically in 59 patients
and at necropsy in 5 subjects aged 37 to 56 years. Total cholesterol was <160 mg/dl
in 58% of group A, 52% of group B, 10% of group C, and 12% of group D (p
<0.000001, chi-square analysis). Angiograms disclosed dilated coronary arteries
without obstruction. Necropsy disclosed ectatic coronary arteries with structural
abnormalities of the media. In conclusion, this study provides the first quantitative
and qualitative data on antiatherogenic changes in lipoproteins in adults with CCHD.
The coronary arteries are atheroma free because hypocholesterolemia acts in concert
with the antiatherogenic properties of upregulated nitric oxide, hyperbilirubinemia,
hypoxemia, and low platelet counts. The persistence of hypocholesterolemia after the
surgical elimination of cyanosis suggests a genetic determinant. © 2005 Elsevier

Inc. All rights reserved. (Am J Cardiol 2005;96:283–290)
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ypoxemic erythrocytotic residents of high altitudes are
ypocholesterolemic and devoid of clinical and necropsy
vidence of coronary artery atherosclerosis.1,2 We hypoth-
sized that hypoxemic erythrocytotic adults with cyanotic
ongenital heart disease (CCHD) might be analogous. How-
ver, the incidence of coronary atherosclerosis has not been
stablished in this patient population, and hypocholesterol-
mia has not previously been recognized. Accordingly, we
tudied 279 patients from the Ahmanson/UCLA Adult Con-
enital Heart Disease Center.

ethods
Patient population: The University of California, Los

ngeles, institutional review board approved the protocol.

aDallas Heart Group, Dallas, Texas; bAhmanson/UCLA Adult Congen-
tal Heart Disease Center, University of California, Los Angeles, School of

edicine, Los Angeles, California; and the cDepartment of Pediatrics,
hiba Cardiovascular Center, Chiba, Japan. Manuscript received Novem-
er 15, 2004; revised manuscript received and accepted March 4, 2005.

* Corresponding author: Tel.: 310-825-2019; fax: 310-825-6346.

iE-mail address: josephperloff@earthlink.net (J.K. Perloff).

002-9149/05/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
oi:10.1016/j.amjcard.2005.03.060
our groups were included in the study (Figure 1): group A:
43 cyanotic patients not operated on (54 men and 89
omen, aged 18 to 69 years [mean 36 � 11], hematocrit

Coulter Electronics, Inc., Hialeah, Florida] 57% to 73%
mean 61 � 8%], systemic arterial O2 saturation 74% to
3% [mean 79 � 3%]); group B: 47 cyanotic patients (28
en and 19 women rendered acyanotic by operation at age

2 to 69 years [mean 38 � 12], mean postoperative fol-
ow-up 16.9 years, postoperative hematocrit 37% to 55%
mean 41 � 5%]); group C: 41 acyanotic patients not
perated on (22 men and 19 women, aged 22 to 75 years
mean 44 � 15], hematocrit 32% to 44% [mean 41 � 4%]);
nd group D: 48 patients acyanotic before and after opera-
ion (24 men and 24 women, aged 21 to 70 years [mean 41

4], mean postoperative follow-up 15 years, hematocrit
5% to 46% [mean 42 � 3%]).

No patient had a myeloproliferative disease, none was
alnourished, none had ever taken a cholesterol-lowering
edication, and all were born and raised at sea level.

Coronary arteries: Arteriograms were studied in 68 pa-
ients in group A, 29 after selective coronary angiography and
9 after aortic root injections. All initial studies were done and

nterpreted by the same experienced cardiologist (JSC).

www.AJConline.org
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Reinterpretations were done by a separate experienced
ardiologist (JKP) without knowledge of original angio-
raphic interpretations with which the blinded reinterpreta-
ions were compared.

All 29 selective coronary angiograms and 30 of 39 aortic
oot angiograms were of high quality. These 59 angiograms
ncluded 25 women aged 38 to 54 years (mean 43 � 3) and
4 men aged 36 to 56 years (mean 41 � 4). Gross and
istologic examinations of the coronary arteries were per-
ormed in 5 necropsy patients.

Serum cholesterol levels: Nonfasting total cholesterol
alues were retrieved from our computer-stored data bank.
lood samples were drawn in a sitting or supine position to
liminate the potential effects of posture on cholesterol
eterminations. Because 160 mg/dl represented the 10th
ercentile in the Framingham Study,3 total cholesterol
160 mg/dl was considered low. Directly measured low-

ensity lipoprotein (LDL) cholesterol, high-density lipopro-
ein (HDL) cholesterol, and triglycerides were determined

igure 2. Cholesterol FPLC profile in 4 fasting normal subjects and 4

igure 1. Incidence of nonfasting total low cholesterol level. Group A:
yanotic patients not operated on; group B: acyanotic patients before and
fter operation; group C: acyanotic patients not operated on; group D:
cyanotic patients before and after operation.
asting patients in group A. r
n 57 of 82 hypocholesterolemic patients. Fasting lipopro-
ein levels were determined in 20 of 82 patients.

Fast protein liquid chromatography (FPLC) analy-
is: To determine whether any lipoprotein classes were un-
er-represented in the plasma of hypocholesterolemic pa-
ients with CCHD, 0.4 ml of fasting plasma was separated
sing gel filtration chromatography with 2 Superose 6 col-
mns (Pharmacia Corporation, Peapack, New Jersey) con-
ected in series. Fractions of 0.5 ml were collected at 0.5
l/min. Cholesterol (Figure 2) and triglycerides (Figure 3)
ere measured in each fraction. Aliquots representing very-

ow-density lipoprotein (VLDL) cholesterol, LDL choles-
erol, and HDL cholesterol elution peaks were displayed in

patients using 5% to 30% nondenaturing sodium dodecyl
ulfate gels. Pooled fractions representing each elution peak
ere assayed for apolipoprotein-E (apo-E) and apolipopro-

ein B (apo-B) by immunoblotting using specific monoclo-
al human antibodies and chemiluminescence.4 Nuclear mag-
etic resonance spectroscopy of plasma from 4 patients with
CHD was performed according to published methods5 and
ompared with that of 4 acyanotic patients (Figure 4).

Statistical analyses: Comparisons among the 4 groups
egarding total cholesterol, LDL cholesterol, HDL choles-

igure 3. Triglyceride FPLC profile in 4 fasting normal subjects and 4
asting patients in group A.

igure 4. Nuclear magnetic resonance spectroscopic lipoprotein profile in
atients with CCHD and normal subjects disclosed large LDL particles and

eductions in VLDL and HDL cholesterol.
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285Congenital Heart Disease/Coronary Arteries in CCHD
erol, and hematocrit were performed using a completely
andomized 1-way analysis of variance (ANOVA) model. A
ogarithmic transformation was used to achieve a Gaussian
istribution. If significant differences were found among
roups, the results were subanalyzed using the Tukey-
ramer multiple-comparison procedure and a global 5%

ignificance level. Gender comparisons within each group
ere based on the standard 2-sample t test. The determina-

ion of the percentage of patients with total cholesterol
160 mg/dl used the chi-square test for homogeneity. Pear-

on’s product-moment correlation coefficient was calcu-
ated between total cholesterol and hematocrit for each
roup. Values were evaluated using the appropriate t test for
etermining whether a correlation was significantly differ-
nt from zero. Total cholesterol was compared qualitatively

able 1
ategories and cardiac diagnoses

roup A: Cyanotic Unoperated
n � 144)

Group B: Acyanotic
Postoperative (n � 47)

trial septal defect (n � 13)
entricular septal defect (n � 36)
trioventricular septal defect
(n � 10)

ouble-outlet right ventricle (n � 9)
ouble-outlet left ventricle (n � 2)
omplete transposition great arteries
(n � 12)

aussig-Bing anomaly (n � 1)
bstein’s anomaly (n � 8)
atent ductus (n � 3)
rimary pulmonary hypertension
(n � 5)

ulmonary atrioventricular fistula
(n � 1)

ingle ventricle (n � 10)
ricuspid atresia (n � 8)
etralogy of Fallot (n � 19)
runcus arteriosus (n � 8)

Double-outlet right ventricle
(n � 3)

Tetralogy of Fallot (n � 20)
Complete transposition of the

great arteries (n � 5)
Ebstein’s anomaly (n � 3)
Single ventricle (n � 5)
Tricuspid atresia (n � 10)
Total anomalous pulmonary

venous connection (n � 1

able 2
ategories and cardiac diagnoses

roup C: Acyanotic Unoperated
n � 41)

Group D: Acyanotic Pre- and
Postoperatively (n � 48)

trial septal defect (n � 10)
trioventricular septal defect
(n � 2)

icuspid aortic stenosis (n � 6)
ubaortic stenosis (n � 3)
oarctation of aorta (n � 2)
nomalous coronary artery (n � 1)
ongenitally corrected transposition
(n � 2)

entricular septal defect (n � 10)
bstein’s anomaly (n � 1)
ulmonary atrioventricular fistula
(n � 1)

Atrial septal defect (n � 12)
Lutembacher’s syndrome (n � 1)
Ventricular septal defect (n � 6)
Atrioventricular septal defect

(n � 2)
Bicuspid aortic stenosis (n � 7)
Subaortic stenosis (n � 2)
Coarctation of aorta (n � 10)
Congenitally corrected

transposition (n � 2)
Sinus Valsalva rupture (n � 1)
Pulmonary valve stenosis (n � 4)
Patent ductus (n � 1)
C
ulmonary valve stenosis (n � 2)
o Framingham controls aged 30 to 49 years.3 Means � SDs
ere used as summary statistics. A 5% significance level
as used throughout.

esults

ongenital malformations were represented by ventricular
eptal defects in 52 patients and atrial septal defects in 35
Tables 1 and 2). Cyanotic ventricular septal defects (Eisen-
enger’s syndrome) were present in 36 of 52 patients; 16 of

2 were acyanotic. Cyanotic atrial septal defects (Eisen-
enger’s syndrome) were present in 13 of 35 patients; 22 of

5 were acyanotic. Of 36 patients with Eisenmenger’s syn-
rome ventricular septal defects, 16 (44%) had low total
holesterol levels compared with 1 of 15 (6%) who were
cyanotic (p � 0.009). Even more striking were patients
ith Eisenmenger’s syndrome atrial septal defects, 72% of
hom had low total cholesterol compared with 13% who
ere acyanotic (p �0.00001).

Coronary arteries: There was no evidence of atheroscle-
osis in 59 coronary arteriograms and in 5 necropsy specimens.

igure 5. (A) Selective right coronary arteriogram from a 46-year-old
yanotic man with ventricular septal defect and Eisenmenger’s syndrome.
he right coronary artery (RCA) is moderately dilated with no detectable
theroma. (B) Necropsy specimen of a markedly dilated RCA in a 38-year-
ld cyanotic man with truncus arteriosus. Atheroma was not detected in
ny of the coronary arteries. (C) Selective left coronary arteriogram from

53-year-old cyanotic man with ventricular septal defect and Eisen-
enger’s syndrome. The circumflex and left anterior descending arteries

large upper arrows) are moderately dilated; the diagonal branches (small
ower arrows) are mildly dilated and tortuous. There was no angiographic
vidence of atheroma, and at necropsy 18 months later, all coronary
rteries were free of atheroma.
oronary arteries were ectatic and tortuous in 13 of 59 angio-
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rams, moderately dilated and tortuous in 29 (Figure 5), mildly
ilated and tortuous in 11, and normal or mildly dilated in 6.
iscrepancies between initial angiographic interpretations and

ubsequent reinterpretations were confined to mild versus nor-
al in 4 of 59 patients. Necropsy disclosed aneurysmal dila-

ion (ectasia; Figure 5), with the loss of medial smooth muscle
ells and increased collagen.

Cholesterol and lipoproteins: Inherently cyanotic pa-
ients who were not operated on and inherently cyanotic
atients who were rendered acyanotic by operation (groups

and B; Table 1) had significantly lower total cholesterol
evels than acyanotic patients not operated on in group C or
cyanotic postoperative patients in group D (Table 2; p
0.05 by the Tukey-Kramer multiple-comparison proce-

ure). Total cholesterol was 87 to 313 mg/dl in group A, 90
o 260 mg/dl in group B, 119 to 324 mg/dl in group C, and
37 to 285 mg/dl in group D (Table 3). There was no
ignificant difference in mean total cholesterol between men
nd women in any group and no significant difference
elative to patients’ ages (Table 4).

Figure 1 shows the number and percentage of patients in
ach group with total cholesterol �160 mg/dl. Groups C
nd D included the 10% with low total cholesterol levels
redicted by the Framingham Study.3 Total cholesterol lev-
ls were low in 58% of patients in group A and in 52% of
atients in group B compared with inherently acyanotic
atients in groups C and D (p �0.05 by chi-square test for
omogeneity) and compared with age- and gender-matched
ormal populations.

Groups A and B (Table 1) had reductions in all choles-
erol fractions compared with groups C and D (Table 2).

able 3
holesterol and lipid levels

roup No. of
Patients

Total Cholesterol
(mg/dl)

143 162 � 40 (87–313)
47 166 � 37 (90–260)
41 210 � 46 (119–324)
48 195 � 39 (137–285)

value (ANOVA; based on
log transform)

�0.000001

Data are expressed as mean � SD. Total cholesterol: groups A and B si
and D significantly higher than group A but not B (Tukey-Kramer proc

able 4
holesterol (mg/dl), men versus women

Group No. Men

F M Total Choles

89 54 164 � 39 (99
19 28 159 � 35 (90
19 22 208 � 38 (13
24 24 198 � 42 (13
Data are expressed as mean � SD. Log transform was used for t tests.
DL cholesterol levels averaged 30% lower in group A
ompared with group C, but the differences did not reach
lobal significance (p � 0.054 by 1-way ANOVA). HDL
holesterol levels differed among the 4 groups (p � 0.0007
y 1-way ANOVA), with levels in groups C and D higher
han in group A but not group B (by the Tukey-Kramer
ultiple-comparison procedure). Triglycerides were first

nalyzed by 1-way ANOVA, which disclosed no difference
mong groups (p � 0.41 using log-transformed data). Tri-
lyceride levels were then considered according to National
nstitutes of Health criteria as �250, 250 to 500, and �500
g/dl. Levels were �250 mg/dl in 88% of group A, 93% of

roup B, 94% of group C, and 92% of group D. There was
o difference in these percentages by chi-square analysis (p
0.05 by simulation of the exact distribution).

Hematocrit versus total cholesterol: There was no sig-
ificant correlation between hematocrit and total cholesterol
Table 5) for groups A, C, and D, but there was a significant
orrelation for group B (r � �0.34, p � 0.02).

FPLC lipoprotein analysis: Figures 2 and 3 are choles-
erol and triglyceride elution profiles representing the FPLC
eparation of lipoproteins from 4 normal controls and 4
atients in group A. Normal fasting cholesterol profiles
isplayed 2 major peaks (Figure 2). The first to elute were
DL cholesterol, at 24 ml, and HDL cholesterol, at 31 ml;

he second to elute was VLDL cholesterol, with the void
olume of the system ranging from 12 to 15 ml, as indicated
y the small triglyceride peak in this area in controls (Figure
). Patients in group A had larger, more buoyant particles
hat eluted earlier, with a peak at 21.5 ml and a reduced

holesterol HDL Cholesterol
(mg/dl)

VLDL Cholesterol
(mg/dl)

8 (11–191) 37 � 10 (16–67) 24 � 19
1 (78–135) 41 � 9 (28–54) 27 � 23
6 (106–177) 54 � 16 (33–79) 33 � 34
5 (79–183) 48 � 12 (27–66) 29 � 17

0.0007 �0.05

tly lower than groups C and D (Tukey-Kramer procedure). HDL: groups

Women p Value
(M vs F)

g/dl) Total Cholesterol (mg/dl)

161 � 42 (87–288) 0.51
176 � 39 (125–260) 0.12
212 � 55 (119–306) 0.97
191 � 36 (139–285) 0.62
LDL C
(mg/dl)

104 � 3
108 � 2
133 � 2
122 � 2
0.054

gnifican
terol (m

–313)
–248)
4–324)
7–284)
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287Congenital Heart Disease/Coronary Arteries in CCHD
holesterol content in the HDL cholesterol peak from 27 to
2 ml (Figure 2). A significantly larger amount of choles-
erol was carried in an LDL-sized band eluting from 16 to
9 ml.

Pooled fractions eluting from 12 to 15 ml corresponding
o VLDL cholesterol, from 19 to 24 ml corresponding to
DL cholesterol, and from 28 to 30 ml corresponding to
DL cholesterol were separated using nondenaturing gra-
ient bell electrophoresis. LDL cholesterol particles in
roup A disclosed an apo-E size protein confirmed by im-
unoblotting. The distribution of HDL fraction apolipopro-

ein did not differ from HDL cholesterol from controls
repared by FPLC or ultracentrifugation (data not shown).
ooled fractions were immunoblotted for apo-E and apo-
-100, which were detected in normal and CCHD fractions.
mall amounts of apo-E were detected only in VLDL cho-

esterol and HDL cholesterol fractions (data not shown).
uclear magnetic resonance spectroscopy (Figure 4) con-
rmed lower levels of VLDL and HDL cholesterol particles
nd identified the intermediate particle on gel filtration as
arge LDL cholesterol.

iscussion

ngiographic prevalence of asymptomatic coronary athero-
clerosis in healthy young populations based on raised le-
ions differs from necropsy prevalence based on unraised
ngiographically occult plaques.6,7 In a necropsy study of
he general population, fatty streaks and raised lesions were
resent at 15 to 34 years of age, and American Heart
ssociation grade 4 to 5 lesions were present at 30 to 34
ears of age.7 In contrast, our patients in groups A and B,
ho ranged in age from the fourth to the sixth decade, had
either angiographic nor necropsy evidence of atheroscle-
osis. It is relevant that hypoxemic erythrocytotic residents
f high altitudes have a negligible incidence of clinical
oronary artery disease,1,2 and in 300 necropsies from Cerro
e Pasco, Peru (4,375 m higher than sea level), no coronary
therosclerosis was found.2

In addition to hypocholesterolemia, 4 co-existing but
ndependent antiatherogenic variables contribute to the low
ncidence of coronary atherosclerosis in CCHD, namely,
ypoxemia, upregulated nitric oxide, hyperbilirubinemia,

able 5
ncidence of low cholesterol and total cholesterol versus hematocrit

roup No. of
Patients

Total Cholesterol
�160 mg/dl

143 82 (57.3%)
47 24 (51.1%)
41 4 (9.8%)
48 6 (12.5%)

value (ANOVA) �10�6 (chi-square)

Data are expressed as mean � SD or n (%). Low cholesterol: groups
ignificantly higher (Tukey-Kramer procedure).
nd low platelet counts. r
Hypocholesterolemia: Low total cholesterol levels,
efined as �160 mg/dl,3 occurred in 58% of cyanotic
atients not operated on (group A; Figure 1) and persisted
fter the surgical elimination of cyanosis in 52% (group
; Figure 1). Only 11% of cyanotic patients who were
ypocholesterolemic before surgery experienced a post-
perative increase in total cholesterol to �160 mg/dl
Figure 1). As predicted by the Framingham Study,3 10%
f acyanotic patients not operated on (group C) or acya-
otic postoperative patients (group D) had total choles-
erol levels �160 mg/dl (Figure 1). Hypocholesterolemia
rimarily reflected reductions in LDL cholesterol, with
esser reductions in VLDL and HDL cholesterol (Figure
). A few patients in groups A and B had elevated
onfasting cholesterol levels (260 to 313 mg/dl; Table 1).
hese levels might have been even higher had the pa-

ients been acyanotic. There were no apparent differences
n family history or dietary habits between these few
yanotic patients with elevated cholesterol levels, and
ost cyanotic patients whose total cholesterol levels
ere low.
FPLC gel filtration with cholesterol and triglyceride analysis of

he fractions disclosed significant qualitative changes in li-
oprotein distribution. These data, together with reductions
n LDL and HDL cholesterol, indicate significant reductions
n the number of LDL and HDL particles. Postulated reduc-
ions in LDL particle number were not reflected in reduc-
ions of apo-B, as determined by Coomasie-stained gels or
po-B-100 immunoblotting. HDL proteins were unchanged
n Coomasie-stained gels. The FPLC profile suggested that
po-B-100–positive and apo-E–positive large LDL particles
redominate in the fasting state.

The major contribution of apo-B–containing lipoproteins
o total cholesterol implies the underproduction or overuse
f VLDL, intermediate-density lipoprotein (IDL), or LDL
s the mechanism responsible for low total cholesterol lev-
ls. Underproduction occurs with malnutrition, with muta-
ions in the apo-B protein that lead to reduced VLDL pro-
uction,8 and with mutations in the microsomal triglyceride
ransfer protein that diminish intestinal cholesterol absorp-
ion.9 Overuse has been reported in myeloproliferative
isorders.10,11

It has virtually been unrecognized that hypoxemic eryth-

ematocrit (%) p Value Correlation Between Total
Cholesterol and Hematocrit

9 � 8 (47–73) 0.83 0.02
1 � 5 (27–55) 0.02 �0.34
1 � 6 (32–44) 0.90 0.02
1 � 4 (35–46) 0.33 0.14

�10�6

more frequent (chi-square test for homogeneity). Hematocrit: group A
H

5
4
4
4

A and B
ocytotic residents of high altitude have reduced levels of



t
H
t
h
a
n
d

c
w
a
L
s
o
w
a
r
h
s
b
e

t
t
o
l

r
s
l
s
l
i
r
n
h

w
e
c
c
s
p
i
b
t
h

s
i
l
t
p
t
e

m
d
b
c
e
v
l
g
c
c
m
i
n
l
h
l
H
t
c
r
f
s

p
L
d
m

c
l
p

i
t
h
t
w
a
b
e
i
s
r

b
b
i
a
s
h
l
f

288 The American Journal of Cardiology (www.AJConline.org)
otal cholesterol and LDL cholesterol and elevated levels of
DL cholesterol.1,2 It has previously been unrecognized

hat hypoxemic erythrocytotic patients with CCHD may be
ypocholesterolemic, as reported herein. Five related vari-
bles might account for the hypocholesterolemia in CCHD,
amely, cyanosis, hypoxemia, erythrocytosis, and genetic
eterminants.

Cyanosis and hypoxemia are obligatory but insufficient
auses that need not be present at birth. This is consistent
ith observation that �2 years after sea-level residents

scend to hypoxemic high altitudes, their total cholesterol,
DL cholesterol, and HDL cholesterol levels become the
ame as those of indigenous high-altitude residents.1,2 The
nly difference between hypoxemic erythrocytotic adults
ith CCHD and hypoxemic erythrocytotic residents of high

ltitudes is with HDL cholesterol levels, which are slightly
educed in the former but increased in the latter.2 The
ypocholesterolemia of CCHD tends to persist after the
urgical elimination of cyanosis and hypoxemia (Figure 1),
ut it is not known whether high-altitude hypocholesterol-
mia persists after descent to sea level.

Intrauterine hypoxemia does not influence fetal choles-
erol levels.12 In fetuses �6 months old, maternal choles-
erol levels are the major determinants of fetal levels, but in
lder fetuses, cholesterol levels are independent of maternal
evels despite the hypoxemic intrauterine environment.12

The relation between oxygen saturation and atheroscle-
osis in various vascular beds is informative. Atherosclero-
is is common in the normal hypoxemia pulmonary circu-
ation, especially at ages �40 years.13 When left-to-right
hunts increase oxygen saturation in the pulmonary circu-
ation, the prevalence of atherosclerosis remains the same or
ncreases slightly.13 There is no relation between atheroscle-
osis in the hypoxemic pulmonary circulation and in the
ormoxemic systemic circulation, except in the presence of
ypercholesterolemia.13

Erythrocytosis: Hypocholesterolemia has been reported
ith polycythemia rubra vera (acyanotic nonhypoxemic

rythrocytosis).10 Hemoglobin and cholesterol levels in-
rease after splenectomy for hereditary spherocytosis; a
orrelation has also been reported in healthy nonanemic
ubjects,11 and a significant correlation was found in our
atients in group B (Table 4). However, other studies that
ncluded myeloproliferative disorders found no correlation
etween hematocrit and total cholesterol,10 and in our pa-
ients in groups A, C, and D, no correlation existed between
ematocrit and total cholesterol (Table 4).

Genetic influences: Hypocholesterolemia tends to per-
ist after cyanosis, hypoxemia, and erythrocytosis are elim-
nated by surgery (Figure 1). The persistence of hypocho-
esterolemia implies the induction or suppression of gene(s)
hat reduce cholesterol levels. Once the gene(s) are ex-
ressed, their effects may persist despite the elimination of
he initiating stimulus. The clustering of hypocholesterol-

mia with specific congenital cardiac defects (Eisen- n
enger’s syndrome atrial septal defect vs ventricular septal
efect) suggests a genetic linkage. The lack of a relation
etween cholesterol level and age at repair and the failure of
holesterol levels to normalize decades after the surgical
limination of hypoxemia and erythrocytosis suggest a de-
elopmental genetic program that maintains childhood cho-
esterol levels and profiles and does not permit the emer-
ence of adult lipoprotein characteristics. Changes in
holesterol ester transfer between lipoprotein particles
aused by an excess of red cell membranes in erythrocytosis
ight explain changes in lipoprotein size and composition

dentified on chromatography and nuclear magnetic reso-
ance spectroscopy, but would not explain the failure of
ipoproteins to normalize after the surgical elimination of
ypoxemia and erythrocytosis and would not explain the
ack of a relation between hematocrit and cholesterol levels.
igh flow or high pressure may damage pulmonary endo-

helium and lead to changes in lipoprotein lipase, with a
hange in the conversion of VLDL to IDL or IDL to LDL,
esulting in the larger LDL and IDL lipoprotein species
ound in gel filtration and nuclear magnetic resonance
pectroscopy.

Hypoxemia is associated with a reduction in oxidized
lasma LDL and a reduction in atherogenic intimal oxidized
DL. Larger LDL particles are relatively resistant to oxi-
ation, and a lack of small, dense, oxidation-sensitive LDL
ay behave similarly.
Three variables may account for the low incidence of

oronary atherosclerosis in CCHD in addition to hypocho-
esterolemia, namely, the upregulation of nitric oxide, hy-
erbilirubinemia, and low platelet counts.

Nitric oxide: The molecule is antiatherogenic, because
t opposes platelet adherence and aggregation, stimulates
he disaggregation of preformed platelet aggregates, in-
ibits monocyte adherence and infiltration, and turns off
he transcription of intercellular adhesion molecule-1,
hich governs the endothelial adhesion of monocytes

nd inhibits smooth muscle proliferation.14 Nitric oxide
ioavailability is increased in CCHD because increased
ndothelial shear stress of erythrocytosis is a major factor
n nitric oxide elaboration and eNOS gene expres-
ion.14 –16 In addition, red blood cells are nitric oxide
eservoirs, and red cell mass is increased.17,18

Hyperbilirubinemia: Bilirubin is formed from the
reakdown of heme, a process that is excessive in CCHD,
ecause an increase in red cell mass coincides with an
ncrease in unconjugated bilirubin, which is an endogenous
ntioxidant that inhibits LDL oxidation and reduces athero-
clerotic risk.19 Gilbert’s syndrome, a benign disorder of
epatic bilirubin metabolism, is accompanied by elevated
evels of unconjugated bilirubin and a reported immunity
rom coronary atherosclerosis.19

Low platelet counts: Platelet counts are typically low

ormal or thrombocytopenic in CCHD,20 and low platelet
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ounts are antiatherogenic. About 1/4 of patients with
CHD have platelet counts of �100 � 109/L.21

egakaryocytes delivered into the systemic arterial circu-
ation by right-to-left shunts cannot shed platelets by cyto-
lasmic fragmentation in the pulmonary circulation, thus
ccounting for the low platelet counts.20 Platelet counts
orrelate negatively and with the magnitude of the right-to-
eft shunt and with the hematocrit.22

Hereditary swine von Willebrand’s disease is an atheroma-
ree model in which the largest multimers are preserved.23

CHD is characterized by a secondary form of von Wille-
rand’s disease that is not antiatherogenic because the largest
ultimers are few or absent.23 Uric acid has been implicated as

n atherosclerotic risk factor,24 but whether this applies to the
econdary hyperuricemia in CCHD25 is unknown. No effect
as detected in our inherently cyanotic patients.
The normal dimensions of extramural coronary arter-

es have seldom been studied in vivo and are therefore
ncertain.26 –28 Accordingly, our angiographic judgments
etween normal and mildly dilated vessels were impre-
ise, but when dilation and tortuosity were moderate,
arked, or aneurysmal, grading was not in doubt.28 Cor-

nary arteries in CCHD are believed to enlarge initially
ecause of endothelial vasodilator substances elaborated
n response to increased endothelial shear stress of the
iscous erythrocytotic perfusate.15 However, dilation of-
en exceeds the anticipated response to endothelial vaso-
ilators per se (Figure 5). In our cyanotic patients who
ame to necropsy, ectatic coronary arteries were charac-
erized microscopically by the loss of medial smooth
uscle and increased collagen,29 similar to “dilated coro-

opathy,” which has been attributed to the loss of medial
mooth muscle and an increase in collagen.30

Our data on fasting total cholesterol and fasting LDL and
DL cholesterol were incomplete because approximately
0% of our computer-stored chemistry panels were nonfast-
ng. However, the prevalence of hypocholesterolemia might
ave been even greater if the specimens had been fasting.
e depended chiefly on angiography, which cannot detect

onraised atherosclerotic plaques, a shortcoming com-
ounded in the dilated coronary arteries of CCHD. It is
oteworthy, however, that hypoxemic erythrocytotic resi-
ents of high altitudes are devoid of coronary atherosclero-
is at necropsy.2
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