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ABSTRACT

BACKGROUND
The prevalence of pulmonary hypertension in adults with sickle cell disease, the mech-
anism of its development, and its prospective prognostic significance are unknown.

METHODS

We performed Doppler echocardiographic assessments of pulmonary-artery systolic
pressure in 195 consecutive patients (82 men and 113 women; mean [+SD] age, 3612
years). Pulmonary hypertension was prospectively defined as a tricuspid regurgitantjet
velocity of at least 2.5 m per second. Patients were followed for a mean of 18 months,
and data were censored at the time of death or loss to follow-up.

RESULTS

Doppler-defined pulmonary hypertension occurred in 32 percent of patients. Multiple
logistic-regression analysis, with the use of the dichotomous variable of a tricuspid re-
gurgitant jet velocity of less than 2.5 m per second or 2.5 m per second or more, iden-
tified a self-reported history of cardiovascular or renal complications, increased systol-
ic blood pressure, high lactate dehydrogenase levels (a marker of hemolysis), high
levels of alkaline phosphatase, and low transferrin levels as significant independent
correlates of pulmonary hypertension. The fetal hemoglobin level, white-cell count,
and platelet count and the use of hydroxyurea therapy were unrelated to pulmonary hy-
pertension. A tricuspid regurgitant jet velocity of at least 2.5 m per second, as com-
pared with a velocity of less than 2.5 m per second, was strongly associated with an in-
creased risk of death (rate ratio, 10.1; 95 percent confidence interval, 2.2 to 47.0;
P<0.001) and remained so after adjustment for other possible risk factors in a propor-
tional-hazards regression model.

CONCLUSIONS

Pulmonary hypertension, diagnosed by Doppler echocardiography, is common in
adults with sickle cell disease. It appears to be a complication of chronic hemolysis, is
resistant to hydroxyurea therapy, and confers a high risk of death. Therapeutic trials
targeting this population of patients are indicated.
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PULMONARY HYPERTENSION IN SICKLE CELL DISEASE

ULMONARY HYPERTENSION DEVELOPS

in most forms of hereditary and chronic

hemolytic anemia, including sickle cell dis-
ease,! thalassemia,? hereditary spherocytosis,3 and
paroxysmal nocturnal hemoglobinuria,* suggesting
that there is a clinical syndrome of hemolysis-asso-
ciated pulmonary hypertension. This complication
has been reported with increasing frequency in pa-
tients with sickle cell disease.1:5-11 Retrospective
studies from tertiary care referral centers suggest a
prevalence of pulmonary hypertension ranging
from 20 to 40 percent.®11:12 Although these stud-
ies have demonstrated that patients with sickle cell
disease have lower pulmonary pressures and high-
er cardiac output than patients with primary pul-
monary hypertension, the two-year mortality rates
approach 50 percent in both groups.®:19,11,13 The
frequent reports of sudden death in adults with
sickle cell disease in the absence of coronary artery
disease and the high risk of sudden death in pa-
tients with sickle cell disease and pulmonary hy-
pertension may be related.5©1415 Such a relation
would suggest that pulmonary hypertension may
be a major cause of death in patients with sickle cell
disease.

METHODS

PATIENTS

To avoid tertiary care referral bias, we recruited 195
patients from the community through multimedia
advertisements, community outreach, and region-
al clinics. All evaluated patients were screened by
means of history taking and physical examination,
laboratory studies, and transthoracic echocardiog-
raphy. All patients provided written informed con-
sent. The advertisements and protocol were ap-
proved by the institutional review boards of the
National Heart, Lung, and Blood Institute and
Howard University.

Patients with sickle cell hemoglobinopathy doc-
umented by high-pressure liquid chromatography
were eligible for the study. Only outpatients in sta-
ble condition were included; patients who had had a
vaso-occlusive crisis within the previous two weeks
or an episode of acute chest syndrome within the
previous four weeks were evaluated at a later time.
Patients receiving transfusions were not excluded.
In addition, 41 black control subjects, with age and
sex distributions similar to those of the patients,
were evaluated for race-based comparisons of lab-
oratory and echocardiographic data.

ECHOCARDIOGRAPHY

Transthoracic echocardiography was performed in
all patients with the use of the Acuson Sequoia
(Siemens) and Sonos 5500 (Philips) systems. Car-
diac measurements were performed according to
the guidelines of the American Society of Echocar-
diography.16 Transmitral flow, Doppler determina-
tions of the severity of valvular regurgitation, and
left ventricular stroke volume were assessed and
graded as previously described.17-19 Peak velocities
of the E wave and A wave, the ratio of the E wave to
the A wave, and the deceleration time were mea-
sured in a standard manner.2° Isovolumic relax-
ation time was measured as the time from aortic-
valve closure to the start of mitral inflow.

Tricuspid regurgitation was assessed in the
parasternal right ventricular inflow, parasternal
short-axis, and apical four-chamber views, and a
minimum of five sequential complexes were re-
corded. Continuous-wave Doppler sampling of the
peak regurgitant jet velocity was used to estimate
the right-ventricular-to-right-atrial systolic pressure
gradient with the use of the modified Bernoulli
equation (4 x [tricuspid regurgitant jet velocity]2).21
For the purpose of analysis, we prospectively de-
fined pulmonary hypertension as a peak tricuspid
regurgitant jet velocity of at least 2.5 m per second.
Since most patients with clinically significant pul-
monary hypertension have measurable tricuspid re-
gurgitation,?! we assumed that pulmonary-artery
pressures were normal in patients with trace or no
tricuspid regurgitation.

Pulmonary-artery systolic pressure was quanti-
tated by adding the Bernoulli-derived pressure gra-
dient to the estimated mean right atrial pressure.
The mean right atrial pressure was calculated ac-
cording to the degree of collapse of the inferior
vena cava with inspiration: 5 mm Hg for a collapse
of at least 50 percent and 15 mm Hg for a collapse
of less than 50 percent.22

RIGHT HEART CATHETERIZATION

Right heart catheterizations were performed in 18
consenting patients with a tricuspid regurgitant jet
velocity of at least 2.5 m per second.

STATISTICAL ANALYSIS

When tricuspid regurgitantjet velocity was analyzed
as a continuous variable, undetectable values were
assigned a value lower than any actually measured
(1.3 m per second).2* We used t-tests and Wilcox-
on rank-sum tests to compare continuous varia-
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bles between patients with sickle cell disease and
control subjects and the normal-approximation test
to compare dichotomous variables, with no correc-
tion for continuity. For patients with sickle cell dis-
ease, associations between tricuspid regurgitant
jetvelocity and continuous variables were assessed
by separate linear regression of each variable on tri-
cuspid regurgitant jet velocity, defined as a categori-
cal variable: 0 for values of less than 2.5 m per sec-
ond, 1 forvalues of 2.5 to 2.9 m per second, and 2 for
values of at least 3.0 m per second. Associations
with dichotomous variables were assessed by means
of the Armitage chi-square statistic for trend.

We used logistic-regression analysis of low val-
ues for tricuspid regurgitant jet velocity (less than
2.5 m per second) and high values (2.5 m per sec-
ond or more) to obtain a set of variables that were in-
dependently associated with increasing jet velocity.
Using both forward and backward selection meth-
ods in a stepwise procedure, we derived a model in
which all variables had a calculated P value of less
than 0.05 when they were added to the other varia-
bles in the model. We used proportional-hazards
regression to assess variables that could be associ-
ated with an increased risk of death in patients with
sickle cell disease. All regression analyses were
performed with the use of log-transformed values
(on a base 10 scale) for laboratory measurements
in order to reduce the influence of extremely high
values. Calculations were made with the use of
Number Cruncher Statistical Systems software.

RESULTS

CLINICAL CHARACTERISTICS

The base-line characteristics of all 195 patients who
were evaluated and the 41 black control subjects are
shown in Table 1. The information for the patients
is further categorized according to the values for
tricuspid regurgitant jet velocity (less than 2.5 m
per second, 2.5 to 2.9 m per second, and 3.0 m per
second or more) in Table 2. The genotype on the
basis of hematologic and hemoglobin characteris-
tics was hemoglobin SS in 132 patients (69 per-
cent), hemoglobin SC in 35 (18 percent), and hemo-
globin S—thalassemia (3° or 8+) in 23 (12 percent).
Data on genotype were missing for five patients.

PREVALENCE AND SEVERITY OF PULMONARY
HYPERTENSION

Values for pulmonary-artery systolic pressure as es-
timated by Doppler echocardiography accurately

predicted pulmonary-artery systolic pressures mea-
sured during right heart catheterization (25 cath-
eterizations performed in 18 patients) (r=0.77,
P<0.001) (Fig. 1C). The patients with sickle cell
disease had significantly higher mean values for
tricuspid regurgitant jet velocity than did the con-
trols (P=0.003) (Fig. 1A and 1B and Table 1). Thirty-
two percent of patients with sickle cell disease had
elevated pulmonary-artery systolic pressures, as de-
fined by a tricuspid regurgitantjet velocity of at least
2.5 m per second (an estimated pulmonary-artery
systolic pressure of at least 30 mm Hg). Nine per-
cent had pulmonary hypertension with the use of the
more conservative cutoff value for tricuspid regur-
gitant jet velocity of at least 3.0 m per second (an
estimated pulmonary-artery systolic pressure of at
least41 mm Hg) (Fig. 1A). Of the 18 patients with a
tricuspid regurgitantjet velocity of atleast 2.5 m per
second who underwent right heart catheterization,
17 had a mean pulmonary-artery pressure of more
than 25 mm Hg (the definition of pulmonary hyper-
tension used in the National Institutes of Health

registry?3).

EFFECT OF PULMONARY HYPERTENSION
ON VENTRICULAR SIZE AND FUNCTION
Higher values for tricuspid regurgitant jet velocity
were associated with increased cardiac-chamber
sizes (Table 2). There was a slight decrease in the
gjection fraction at the highest levels of jet velocity
(P=0.10). There was no association between jet ve-
locity and stroke volume, and cardiac output in-
creased slightly but not significantly with increasing
jetvelocity (P=0.24). There was qualitative evidence
of left ventricular systolic dysfunction (an ejection
fraction of 0.5 or less) in only 5 of the 195 patients.
Measurements of the left ventricular diastolic
function are shown in Table 2. Only the decelera-
tion time was weakly associated with tricuspid re-
gurgitant jet velocity (r=0.17, P=0.01), but the
mean values remained in the normal range for all
categories of tricuspid regurgitantjet velocity. Vari-
ables indicative of diastolic dysfunction did not
contribute significantly to the logistic-regression
model (Table 3) or affect the risk of death, suggest-
ing that pulmonary hypertension is largely inde-
pendent of diastolic dysfunction.

EVALUATION OF RISK FACTORS AND EFFECTS

OF HYDROXYUREA THERAPY

Logistic-regression analysis of clinical and labora-
tory values identified a number of factors associat-
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Table 1. Characteristics of the Patients with Sickle Cell Disease and Control Subjects.*
Characteristic Patients Controls P Valuet
Total No. Value Total No. Value

Age (yr) 195 36+12 41 37£11 0.50
Female sex (%) 195 58 41 59 0.94
Tricuspid regurgitant jet velocity (m/sec) 195 2.2+0.6 41 2.0+0.3 0.003
Left atrial size (mm) 193 41+6 41 3345 <0.001
Right atrial area (cm?) 180 18+5 33 1443 <0.001
Ejection fraction 94 0.61+0.07 29 0.65+0.05 0.02
Blood pressure (mm Hg)

Systolic 172 122+18 36 133+19 0.002

Diastolic 172 68+12 31 77£12 <0.001
Oxygen saturation (%) 117 96+3 37 99+1 <0.001
Body-mass index 134 25+7 36 28+4 0.01
Current smoking (%) 189 22 40 5 0.01
White-cell count (10-3/mm3) 189 10.3+3.8 41 5.8+2.0 <0.001
Platelet count (10-3/mm3) 187 360+132 41 271+60 0.001
Blood urea nitrogen (mg/dl) 190 11+11 41 12+4 0.003
Creatinine (mg/dl): 190 0.93+1.43 41 0.88+0.23 0.04
Bilirubin (mg/dl)

Total 188 2.56x1.70 41 0.63+0.29 <0.001

Direct 189 0.49+0.42 40 0.14+0.05 <0.001
Alanine aminotransferase (U/liter) 190 2715 41 22+12 0.04
Aspartate aminotransferase (U/liter) 188 4122 41 23+8 <0.001
Total creatine kinase (U/liter) 186 93£183 40 217+158 <0.001
Lactate dehydrogenase (U/liter) 171 345+143 40 166+42 <0.001
Ferritin (mg/liter) 182 881+1355 38 7661 <0.001
Iron (mg/dl) 170 102+55 37 79+38 0.01
Transferrin (mg/dl) 187 208+54 37 270+51 <0.001
Hemoglobin (g/dl) 189 9.6+1.9 41 13.5+1.6 <0.001
Arginine (mmol/liter) 168 41+15 36 67+18 <0.001
Arginine:ornithine ratio 168 0.73+0.41 36 1.20+0.49 <0.001

* Plus—minus values are means +SD. The body-mass index is the weight in kilograms divided by the square of the height
in meters. To convert the values for blood urea nitrogen to millimoles per liter, multiply by 0.357. To convert the values
for creatinine to micromoles per liter, multiply by 88.4. To convert the values for bilirubin to micromoles per liter, multiply
by 17.1. To convert the values for iron to micromoles per liter, multiply by 0.1791.

 Two-sided P values for continuous variables were calculated with the use of the t-test (log values were used for laboratory

measurements), and P values for categorical variables were calculated with the use of the normal approximation test of

proportions.

I The mean creatinine level was higher in the patients than in the controls, but the median level was higher in controls (0.9
vs. 0.7 mg per deciliter [80 vs. 62 ymol per liter], P<0.001 by the Wilcoxon rank-sum test); the mean log value, on which
the tabulated P value is based, was also higher in the controls.

ed with high tricuspid regurgitant jet velocity; these
factors, which accounted for approximately 35 per-
cent of the variability in tricuspid regurgitant jet ve-
locity (Table 3), include a self-reported history of
renal or cardiovascular problems; elevated systolic
blood pressure, plasma lactate dehydrogenase lev-
els, and alkaline phosphatase levels; and decreased

plasma transferrin levels. In a model that included
only men, priapism was an additional important
variable (odds ratio for ajetvelocity of atleast 2.5 m
per second, as compared with a value of less than
2.5 m per second, 5.0; 95 percent confidence inter-
val, 1.5 to 17.0). Factors reflecting the presence of
hemolysis, chronic anemia, and the need for fre-
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Table 2. Characteristics of Patients with Sickle Cell Disease According to the Tricuspid Regurgitant Jet Velocity.*

Jet Velocity

Characteristic <2.5 m/sec

Total No.  Value

Age (yr) 132 34+10
Female sex (%) 132 60
Left atrial size (mm) 130 40+5
Right atrial area (cm?) 122 1714
Ejection fraction 63  0.62+0.05
E wave:A wave ratio 127 1.6+0.5
Deceleration time (sec) 126 184+37
Isovolumic relaxation time (msec) 125 72+39
Blood pressure (mm Hg)
Systolic 118 119+15
Diastolic 118 6711
Mean arterial:: 118 84+11
Stroke volume (ml) 50 75£20
Cardiac output (liters/min) 50 5.3x1.6
Oxygen saturation (%) 77 97+3
Body-mass index 87 2516
Current smoking (%) 130 25
Hydroxyurea therapy (%) 129 36
History of acute chest syndrome (%) 129 83
History of stroke (%) 132 19
History of asthma (%) 131 20
Self-reported history of cardio- 131 27
vascular problems (%)
Self-reported history of renal 132 7
problems (%)
History of leg ulcers (%) 129 22
>10 Blood transfusions during 81 33
lifetime (%)
Priapism (% of men) 52 33
White-cell count (10-3/mm3) 128 10+4
Platelet count (10-3/mm3) 128 357+134
Blood urea nitrogen (mg/dl) 129 9+7
Creatinine (mg/dl) 129 0.7+0.4
Alkaline phosphatase (U/liter) 129 101+58

Jet Velocity Jet Velocity
2.5-2.9 m/sec =3.0 m/sec P Valuey
Total No.  Value Total No.  Value
46 39+12 17 38+19 0.02
46 57 17 47 0.38
46 44+7 17 45+11 <0.001
43 19+4 15 2245 <0.001
21 0.63+0.07 10 0.56+0.11 0.1
42 1.7+0.7 15 1.5+1.1 0.98
41 191+39 14 213452 0.01
39 69+23 16 79+25 0.80
39 130+20 15 132+23 <0.001
39 67+13 15 73+11 0.15
39 88+15 15 93+14 0.007
22 80+15 7 72423 0.78
22 5.6+1.1 7 5.9+2.0 0.24
27 97+3 13 9315 0.002
34 26+7 13 26+7 0.33
44 11 15 27 0.18
43 40 16 38 0.76
46 85 16 81 0.92
44 7 16 6 0.03
46 24 16 19 0.72
46 50 16 63 <0.001
46 22 16 31 <0.001
45 27 16 31 0.39
26 54 13 69 0.005
19 63 8 63 0.01
44 10+3 17 11+4 0.44
43 359+120 16 386+152 0.39
44 13+13 17 20+17 <0.001
44 1.5+2.7 17 1.2+0.9 <0.001
43 158+142 17 180+79 <0.001

quent blood transfusions, including low hemoglo-
bin and hematocrit values, high lactate dehydro-
genase and aspartate aminotransferase levels (but
not high alanine aminotransferase levels, which
are specific to liver dysfunction), high direct biliru-
bin levels, high iron and ferritin levels, low trans-
ferrin levels, and the receipt of a total of more than
10 transfusions, were all significant univariate pre-
dictors of a high tricuspid regurgitant jet velocity
(Table 2).

Increasing age, oxyhemoglobin desaturation as
measured by pulse oximetry, and increasing levels
of blood urea nitrogen, creatinine, and direct bili-
rubin were significant univariate — but not multi-
variate — predictors of high tricuspid regurgitant
jet velocity. The plasma arginine:ornithine ratio,
probably reflecting arginase activity, was low in pa-
tients with sickle cell disease, and this ratio de-
creased significantly as tricuspid regurgitant jet
velocity increased. The fetal hemoglobin level, the
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Table 2. (Continued.)
Jet Velocity
Characteristic <2.5 m/sec
Total No.  Value
Bilirubin (mg/dl)
Total 128 2.5+1.7
Direct 129 0.41+0.23
Alanine aminotransferase (U/liter) 129 27x16
Aspartate aminotransferase (U/liter) 128 39+21
Total creatine kinase (U/liter) 127 102+217
Lactate dehydrogenase (U/liter) 116 320+129
Ferritin (mg/liter) 121 655+1112
Iron (mg/dl) 116 9452
Transferrin (mg/dl) 126 218455
Hemoglobin (g/dl) 128 9.9+1.7
Fetal hemoglobin (%) 128 7.7£7.1
Hemoglobin A present (%) 127 39
Hemoglobin C present (%) 128 22
Hemoglobin S—thalassemia (%) 128 14
Arginine (mmol/liter) 111 42+15
Arginine:ornithine ratio 111 0.77+0.42

Jet Velocity Jet Velocity
2.5-2.9 m/sec =3.0 m/sec P Valuey
Total No.  Value Total No.  Value

43 2.6x1.4 17 3.1+2.2 0.25
43 0.57+0.51 17 0.89+0.88  <0.001
44 29+15 17 27+13 0.52
43 45123 17 48+25 0.03
43 67+47 16 96+104 0.22
39 357+125 16 491+196 <0.001
44 1462+1866 17 985+894 <0.001
39 109+56 15 140+53 0.001
44 184+44 17 189+47 <0.001
44 9.2+2.0 17 8.5+2.0 <0.001
45 6.5+4.9 17 7.9+7.3 0.91
45 53 17 53 0.08
45 13 17 6 0.06
45 9 17 6 0.22
41 39+15 16 40+15 0.38
41 0.71+0.41 16 0.50+0.18 0.009

* Plus—minus values are means +SD. The body-mass index is the weight in kilograms divided by the square of the height
in meters. To convert the values for blood urea nitrogen to millimoles per liter, multiply by 0.357. To convert the values
for creatinine to micromoles per liter, multiply by 88.4. To convert the values for bilirubin to micromoles per liter, multiply
by 17.1. To convert the values for iron to micromoles per liter, multiply by 0.1791.

i P values for continuous variables were calculated by linear regression of each variable according to the assigned category

of jet velocity: 0 for values of less than 2.5 m per second, 1 for values of 2.5 to 2.9 m per second, and 2 for values of at
least 3.0 m per second; log values (on a base 10 scale) were used for laboratory measurements. P values for categorical
variables were calculated with the use of the chi-square test for trend.

I Mean arterial pressure was calculated with the use of the following equation: (1/3xsystolic blood pressure) +(2/3 xdiastolic

blood pressure).

hemoglobin S—thalassemia phenotype (3° or 8+),
hydroxyurea therapy, the white-cell count, and the
platelet count were not significantly associated
with tricuspid regurgitant jet velocity, whereas the
hemoglobin SC genotype was associated with a sig-
nificantly reduced tricuspid regurgitant jet velocity
(P=0.02 as calculated with the use of a t-test in
which tricuspid regurgitantjet velocity was consid-
ered to be a continuous variable). Analysis of the
patients who did not receive hydroxyurea or have
hemoglobin C, as well as of all patients, showed no
evidence of an association between the fetal hemo-
globin level and tricuspid regurgitant jet velocity.
The number of episodes of the acute chest syn-
drome and the number of visits to the emergency
room per year were not associated with tricuspid
regurgitant jet velocity (P=0.92 and P=0.68, re-
spectively). The fact that there were significantly
more patients with a self-reported history of car-

diovascular problems who had pulmonary hyper-
tension suggests that pulmonary hypertension and
its complications, such as cor pulmonale, may be
misdiagnosed as congestive heart failure.

RIGHT HEART CATHETERIZATION

Among the 18 patients who underwent right heart
catheterization, the mean (£SE) values for pulmo-
nary-artery systolic pressure (51.9+4.1 mm Hg),
diastolic pressure (26.1+2.16 mm Hg), mean pul-
monary-artery pressure (34.5+2.7 mm Hg), pulmo-
nary-artery wedge pressure (17.2+1.2 mm Hg), car-
diac output (10.2%0.7 liters per minute as measured
by thermodilution and 9.6+0.4 liters per minute as
calculated with the Fick equation), and pulmonary
vascular resistance (148.5+26.2 dyn-sec-cm—5) were
similar to previously reported values in patients with
sickle cell disease who had secondary pulmonary
hypertension.®-8
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SURVIVAL

Among the 195 patients, 5 were lost to follow-up:
all had a tricuspid regurgitantjetvelocity of less than
2.5 m per second. Death certificates were used to
confirm the death of any patient. No death certifi-
cates were found for these five patients who were
lost to follow-up, suggesting that they are still living.
The median follow-up was 18.3 months for the 128
patients with a tricuspid regurgitant jet velocity of
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Figure 1. Distribution (Panel A) and Frequency Distribution (Panel B) of Tri-
cuspid Regurgitant Jet Velocity in 195 Patients with Sickle Cell Disease and 41
Black Control Subjects and the Association between Right Ventricular Systolic
Pressure Measured by Doppler Echocardiography and Pulmonary-Artery Sys-
tolic Pressure, Measured during Catheterization (Panel C).

In Panel A, the percentages of patients with sickle cell disease and tricuspid
regurgitant jet velocity values of less than 2.5 m per second, 2.5 to 2.9 m per
second, and at least 3.0 m per second are shown. Patients in whom tricuspid
regurgitant jet velocity was undetectable were assigned a value of 1.3 m per
second. The solid vertical line in Panel B shows the cutoff value of 2.5 m per
second used to define pulmonary hypertension. Panel C shows the regression
of pulmonary-artery systolic pressure as measured by right heart catheteriza-
tion and the estimated pulmonary-artery systolic pressure as measured by
Doppler echocardiography. The dashed lines in Panel C indicate the 95 per-
cent confidence interval.
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less than 2.5 m per second and 17.3 months for the
62 patients with a tricuspid regurgitant jet velocity
of atleast 2.5 m per second.

Proportional-hazards regression analysis
showed that patients with a tricuspid regurgitant
jetvelocity of atleast 2.5 m per second had a signif-
icantly higher mortality rate than those with a jet ve-
locity of less than 2.5 m per second (P<0.001) (Fig.
2); the rate ratio for death was 10.1 (95 percent con-
fidence interval, 2.2 to 47.0). Analyses were also per-
formed separately for age, cardiac output, stroke
volume, the ratio for the E wave to the A wave, decel-
eration time, isovolumic relaxation time, hemoglo-
bin level, fetal hemoglobin level, lactate dehydro-
genase level, white-cell count, and creatinine level.
Besides the tricuspid regurgitant jet velocity, the
only significant univariate correlate of the risk of
death was the creatinine level (P=0.007). After ad-
justment for the tricuspid regurgitant jet velocity,
the creatinine level was not significantly related to
the risk of death (P=0.08), whereas the jet velocity
remained a significant independent correlate (P=
0.004).

Because we were concerned that pulmonary hy-
pertension conferred a substantial risk of death, the
study was not designed as a natural-history study.
Patients and referring physicians were made aware
of the results of echocardiography, and the patients
who were identified as having severe pulmonary hy-
pertension (on the basis of a tricuspid regurgitant
jetvelocity of atleast 3.0 m per second) were offered
treatments such as exchange transfusion, oxygen,
and selective pulmonary vasodilator therapy accord-
ing to a National Heart, Lung, and Blood Institute
protocol. Eleven of the 17 patients with a tricuspid
regurgitant jet velocity of at least 3.0 m per second
began either an aggressive exchange-transfusion
program or inhaled nitric oxide therapy after pulmo-
nary hypertension was diagnosed, and 10 of these
patients are still alive.

DISCUSSION

We found that the prevalence of pulmonary hyper-
tension among patients with sickle cell disease was
32 percent, which is consistent with previously pub-
lished retrospective studies. Despite having lower
pulmonary-artery pressures and higher cardiac out-
puts than patients with primary pulmonary hyper-
tension, patients with sickle cell disease and pul-
monary hypertension had a significantly higher
mortality rate than did patients with sickle cell dis-
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ease who did not have pulmonary hypertension, a
finding that is consistent with the results of previ-
ous retrospective studies.®1%:11,13 Qur findings sug-
gest that the noninvasive measurement of tricuspid
regurgitantjet velocity by echocardiography can be
used to identify patients at high risk for death and
may thus be viewed as a prognostic tool analogous
to transcranial carotid Doppler flow-velocity assess-
ment, which is used to predict the risk of stroke in
children with sickle cell disease.24

The observation that markers of hemolysis are
associated with pulmonary hypertension provides
alink between sickle cell disease and other chronic
hemolytic disorders and suggests that there is a dis-
tinct syndrome of hemolysis-associated pulmonary
hypertension. Thalassemia, for example, is another
chronic hemolytic disease that is associated with
secondary pulmonary hypertension; the prevalence
of pulmonary hypertension among patients with
thalassemia ranges from 10 percent to 93 percent,
depending on the patient population studied.2-25-28
Patients with sickle cell disease and patients with
thalassemia both have chronic hemolysis, which
results in the release of hemoglobin into plasma.
Plasma hemoglobin can scavenge nitric oxide as
well as catalyze the formation of reactive oxygen and
nitrogen species, processes that can lead to acute
and chronic pulmonary vasoconstriction.2 Hemol-
ysis could also release erythrocyte arginase, as sug-
gested by recent reports that arginase activity may
be increased (a possibility that is consistent with
our finding that arginine:ornithine ratios were sig-
nificantly lower in patients than in control subjects)
and that the bioavailability of arginine and nitric ox-
ide is reduced in patients with sickle cell dis-
ease.2933 Hemoglobin-induced scavenging of ni-
tric oxide results in transcriptional up-regulation
of adhesion molecules such as vascular-cell adhe-
sion molecule 1 and E-selectin and induces the ex-
pression of endothelin-1, a potent vasoconstric-
tor.33-35 Indeed, endothelin-1 levels are elevated
in the plasma of patients with primary pulmonary
hypertension and patients with sickle cell dis-
ease.3%37 The statistical linkage among pulmonary
hypertension, systolic systemic hypertension, and
the hemolytic rate (associated with nitric oxide
scavenging?9) is consistent with previous clinical
observations that systemic hypertension is a risk
factor for stroke and early death in patients with
sickle cell disease.38-40

Additional insults common to sickle cell dis-
ease and thalassemia that might lead to end-organ

N ENGL J MED 350;9 WWW.NEJM.ORG

Table 3. Logistic-Regression Analysis of a Tricuspid Regurgitant Jet Velocity
Dichotomized as Less Than 2.5 m per Second or 2.5 m per Second or More.*
Independent Variable PValuej  Odds Ratio (95% Cl)i:
Systolic blood pressure <0.001 2.9 (1.6-5.3)
Transferrin <0.001 0.17 (0.07-0.38)
Alkaline phosphatase 0.04 1.7 (1.0-2.8)
Lactate dehydrogenase 0.008 2.7 (1.3-5.9)
Self-reported history of cardiovascular 0.02 2.9 (1.2-7.2)
problems
Self-reported history of renal problems 0.02 5.5 (1.3-22.9)

* The analysis included 149 patients. Independent variables considered for the
model were those thought to be possibly biologically related to tricuspid re-
gurgitant jet velocity that were associated with a jet velocity of at least 2.5 m
per second with a P value of 0.15 or less: age; deceleration time; systolic blood
pressure; mean arterial pressure; oxygen saturation; receipt of a total of more
than 10 blood transfusions; levels of creatinine, alkaline phosphatase, direct
bilirubin, aspartate aminotransferase, lactate dehydrogenase, ferritin, iron,
transferrin, and hemoglobin; presence of hemoglobin A; presence of hemo-
globin C; and arginine:ornithine ratio. Log-transformed values were used for
laboratory measurements to reduce the influence of extremely high values.
P values were calculated with the use of the likelihood ratio test.
I For numerical values, the odds ratio is given for the 25th and 75th percentiles
(with all other independent variables held constant), calculated as
ecoefficient x (75th percentile - 25th percentile) For all variables simultaneously, the
odds ratio is the product of the odds ratios for the individual variables (recip-
rocal taken for transferrin), or 1272. Cl denotes confidence interval.

dysfunction and pulmonary hypertension include
iron deposition, cirrhosis, anemia with a high cardi-
ac-output state, and asplenism. Although cirrhosis
can result in secondary pulmonary hypertension,
cirrhosis and hepatic synthetic dysfunction were
not common in our patients with pulmonary hy-
pertension. Itis unclear whether the significant in-
creases in alkaline phosphatase and direct biliru-
bin in patients with pulmonary hypertension were
due to more subtle liver dysfunction or to a second-
ary effect of pulmonary hypertension and increased
passive liver congestion. The absence of an associ-
ation between cardiac output and tricuspid regur-
gitant jet velocity in our study argues against a role
for chronic anemia and a high cardiac-output state,
leading to vascular remodeling and arteriopathy. If
anemia itself were responsible, one would expect
to find reports of pulmonary hypertension associat-
ed with iron-deficiency anemia, the most common
cause of anemia in the world.

We were surprised that hydroxyurea therapy was
not associated with lower tricuspid regurgitant jet

velocity and that there was no significantassociation

between the fetal hemoglobin level or the white-cell
countand tricuspid regurgitantjet velocity; both are
independent markers of disease severity and predic-
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Figure 2. Kaplan—Meier Survival Curves According to the Tricuspid Regurgitant Jet Velocity.
The survival rate was significantly higher among patients with a tricuspid regurgitant jet velocity of less than 2.5 m per
second (indicating normal pulmonary-artery pressure) than among those with a tricuspid regurgitant jet velocity of at
least 2.5 m per second (P<0.001). Because patients were enrolled over a 20-month period, the first patients enrolled
were followed for the entire time. Thus, the number of patients at risk at the time of each death is shown for both groups.

tors of the outcome in sickle cell disease.#* Al-
though neither prospective nor randomized, our
study suggests that hydroxyurea and other drugs
that increase the expression of fetal hemoglobin
may not prevent pulmonary hypertension. We spec-
ulate that this may be explained by the relatively lim-
ited induction of fetal hemoglobin associated with
such therapy, the lack of full fetal-cell penetrance,
and the presence of persistent hemolysis in most of
our patients. Analysis of polymerization tendencies
suggests that fetal hemoglobin levels of more than
25 percentin a pancellular distribution would be re-
quired to eliminate intracellular polymerization and
hemolysis.#243 This possibility is supported by the
observation that hemoglobin C, which is presentin
all erythrocytes and reduces the rate of hemolysis,
was associated with a reduced tricuspid regurgitant
jetvelocity.

In conclusion, pulmonary hypertension is com-

mon in adults with sickle cell disease and is associ-
ated with an ominous outcome. Our results support
the use of Doppler echocardiographic screening in
all adults with sickle cell disease to identify a high-
risk group that may benefit from intervention. Ther-
apeutic trials of oxygen, warfarin, transfusion, and
pulmonary vasodilator and remodeling medications
are urgently required to evaluate their potential to
decrease the substantial morbidity and mortality as-
sociated with pulmonary hypertension in this pop-
ulation.
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