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INHERITED HEMOGLOBIN DISORDERS

are the most common monoge-
netic diseases worldwide.1 Pulmo-
nary hypertension is an increas-

ingly recognized complication of
hemoglobinopathies such as sickle cell
disease (SCD) and thalassemia and
occurrs in 10% to 30% of this popula-
tion, suggesting that these diseases
rank among the most common causes
of pulmonary hypertension world-
wide. In patients with SCD, pulmo-
nary hypertension is associated with a
high mortality rate2-4 and has been
linked to anemia, high hemolytic rate,
iron overload, and systemic vasculopa-
thy. Unexpectedly, high pulmonary
pressures do not appear to be associ-
ated with rates of vaso-occlusive pain
crisis, the acute chest syndrome, or
leukocytosis.2 This lack of association
with selected vaso-occlusive events is
consistent with a similar high preva-

lence of pulmonary hypertension in
other hereditary hemolytic diseases,
such as thalassemia intermedia,5 in
which sickle hemoglobin, vaso-
occlusive crisis, and acute chest syn-
drome are absent. A pathogenic link
between pulmonary hypertension and
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Context Thirty percent of patients with sickle cell disease (SCD) develop pulmonary
hypertension, a major risk factor for death in this population. A validated blood bio-
marker of pulmonary hypertension in SCD could provide important prognostic and
diagnostic information and allow the exploration of the prevalence of pulmonary hy-
pertension in participants in the 1996 Multicenter Study of Hydroxyurea in Sickle Cell
Anemia (MSH) Patients’ Follow-up Study. Levels of N-terminal pro-brain natriuretic
peptide (NT-proBNP) provide such information in patients with idiopathic pulmonary
arterial hypertension.

Objective To determine the relationship between NT-proBNP levels and severity of
pulmonary hypertension and prospective mortality in patients with SCD.

Design, Setting, and Participants NT-proBNP levels were measured in 230 par-
ticipants in the National Institutes of Health (NIH) Sickle Cell Disease–Pulmonary Hy-
pertension Screening Study (enrollment between February 2001 and March 2005) and
in 121 samples from patients enrolled starting in 1996 in the MSH Patients’ Follow-up
Study. A threshold level predictive of high pulmonary artery pressure and mortality
was identified in the NIH Sickle Cell Disease–Pulmonary Hypertension Screening Study
and used to define an a priori analytical plan to determine the prevalence and asso-
ciated mortality of pulmonary hypertension in the MSH follow-up study.

Main Outcome Measures Severity of pulmonary hypertension and risk of all-
cause mortality.

Results NT-proBNP levels were higher in patients with sickle cell pulmonary hyper-
tension and correlated directly with tricuspid regurgitant jet velocity in the NIH cohort
(R=0.50, P�.001). An NT-proBNP level of 160 pg/mL or greater had a 78% positive
predictive value for the diagnosis of pulmonary hypertension and was an indepen-
dent predictor of mortality (21 deaths at 31 months’ median follow-up; risk ratio, 5.1;
95% confidence interval, 2.1-12.5; P�.001; 19.5% absolute increase in risk of death).
In the MSH cohort, 30% of patients had an NT-proBNP level of 160 pg/mL or greater.
An NT-proBNP level of 160 pg/mL or greater in the MSH cohort was independently
associated with mortality by Cox proportional hazards regression analysis (24 deaths
at 47 months’ median follow-up; risk ratio, 2.87; 95% confidence interval, 1.2-6.6;
P=.02; 11.9% absolute increase in risk of death).

Conclusions Pulmonary hypertension, as indicated by an NT-proBNP level of 160
pg/mL or greater, was very common in patients in the NIH study and in the MSH co-
hort. The MSH analysis suggests that rates of vaso-occlusive pain episodes in these
patients were unrelated to risk of death; this risk was largely determined by occult
hemolytic anemia–associated pulmonary hypertension.
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hemolytic anemia is also consistent
with the role of intravascular hemoly-
sis in the development of endothelial
dysfunction and vasculopathy.6-12

However, the idea that pulmonary
hypertension does not develop as a
consequence of acute chest syndrome
and repetitive cycles of pulmonary
vascular vaso-occlusion, but rather as
a consequence of hemolytic anemia,
remains controversial.3,13 An addi-
tional uncertainty surrounds the con-
tribution of left ventricular diastolic
dysfunction to SCD-related pulmo-
nary hypertension.

Brain natriuretic peptide (BNP) is a
hormone released in response to cardi-
omyocyte stretch, and high levels
reflect cardiac chamber volume and
pressure overload.14,15 The prognostic
importance of BNP has been demon-
strated in several cardiovascular
disorders.16-26 In patients with pulmo-
nary arterial hypertension, BNP levels
correlate with the severity of pulmo-
nary artery pressure elevation and
with right ventricular dysfunction.27-30

We therefore hypothesized that plas-
ma levels of the N-terminal pro-BNP
(NT-proBNP) would correlate with
the severity of pulmonary hyperten-
sion and prospective risk of death in
patients with SCD.

The validation of using NT-proBNP
level for the diagnosis of pulmonary hy-
pertension would allow for the evalu-
ation of the prevalence and prognosis
of pulmonary hypertension in other his-
torical cohorts of patients, such as the
Multicenter Study of Hydroxyurea in
Sickle Cell Anemia (MSH). In that ran-
domized, placebo-controlled study, the
use of hydroxyurea diminished the in-
cidence of painful episodes and acute
chest syndrome.31 In addition, in a long-
term observational follow-up study of
these patients, those taking hydrox-
yurea experienced reduced mortality
over 9 years of follow-up.32 Interest-
ingly, pulmonary and cardiovascular
disorders were major causes of death
in this cohort, raising the question
of the role of undiagnosed pulmo-
nary hypertension as a contributor to
mortality.

METHODS
Study Patients and Controls
In the National Institutes of Health
(NIH) Pulmonary Hypertension Screen-
ing Study,2 250 patients with SCD (all
genotypes included) were enrolled be-
tween February 2001 and March 2005,
of whom 230 had NT-proBNP levels
measured at baseline. Among these 230
patients, 35 with moderate to severe
pulmonary hypertension identified by
echocardiography underwent right
heart catheterization and functional as-
sessment. Results from 195 of these pa-
tients were previously reported.2 Writ-
ten informed consent was obtained
from each patient for a protocol ap-
proved by the Intramural National
Heart, Lung, and Blood Institute insti-
tutional review board. All laboratory as-
says were performed using the blood
specimens that were collected prospec-
tively at the time of initial enrollment.
Forty-five healthy self-identified black
individuals recruited from a list
of volunteers maintained at the NIH
Clinical Research Program volunteer
office were evaluated as controls.
Racial/ethnic background was as-
sessed because of the known in-
creased prevalence of SCD in certain
ethnic populations and was classified
by study volunteers.

The validation cohort included a sub-
set of 121 patients enrolled in the MSH
Patient’s Follow-up Study, which
started in 1996.32 Laboratory assays
were performed using the blood speci-
mens that were collected prospec-
tively at enrollment in the 1996 fol-
low-up study. Three patients enrolled
in the MSH cohort were also partici-
pants in the NIH Sickle Cell Disease–
Pulmonary Hypertension Screening
Study and were alive at the time of last
follow-up.

Study Measurements

Transthoracic echocardiography was
performed in all patients in the NIH co-
hort as previously described.2 Pulmo-
nary hypertension was defined by a tri-
cuspid regurgitant jet velocity of 2.5 m/s
or greater. Thirty-seven right heart
catheterization procedures were per-

formed in 35 patients with tricuspid re-
gurgitant jet velocity of 2.9 m/s or
greater. A 6-minute walk test was per-
formed in accordance with standard
practice33 in 34 patients. Twenty-five
patients underwent bicycle ergometry
using standard incremental protocols
as previously described.34

Plasma NT-proBNP levels were mea-
sured by a sandwich immunoassay
(Elecsys Analyzer; Roche Diagnostics,
Manheim, Germany) in samples origi-
nally frozen and immediately stored at
−80°C. The intra-assay and interassay
coefficients of variation were 1.3% and
4.8%, respectively, and measurements
have been previously performed in
samples stored at −80°C for as long as
15 years.20 Plasma hemoglobin levels
were measured on dilutions of pa-
tients’ plasma using an enzyme-linked
immunosorbant assay (Bethyl Labora-
tories Inc, Montgomery, Tex).35

Statistical Analysis

Results are presented as median and in-
terquartile range (IQR), 95% confi-
dence interval (CI), or percentage of
participants with a given characteris-
tic. Glomerular filtration rate was es-
timated by the abbreviated Modifica-
tion of Diet in Renal Disease Study
equation.36,37 Wilcoxon rank sum tests
were used to compare the medians of
continuous variables in 2 groups.
Kruskal-Wallis nonparametric analy-
sis of variance was used to compare NT-
proBNP levels in healthy controls and
in patients with and without pulmo-
nary hypertension, with a Bonferroni
adjustment for comparing differences
between 2 groups. Receiver operating
characteristic curves, sensitivity, speci-
ficity, likelihood ratios, and positive and
negative predictive values of NT-
proBNP level to diagnose pulmonary
hypertension were determined. A test
of the null hypothesis that the area un-
der the receiver operating characteris-
tic curve is 0.5 was performed using the
Wilcoxon rank sum test. Bivariate cor-
relations were assessed using the Spear-
man rank correlation coefficient.

In the NIH cohort, proportional
hazards (Cox) regression was used to
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study relationships between covariates
of interest and mortality in patients
with SCD, in some cases log trans-
formed to reduce the influence of
extremely large values. Patients were
censored at the point of their last con-
tact with study staff if they did not
have an event. The regression coeffi-
cients were tested for significant differ-
ences from zero by a likelihood ratio
test. For patients in the MSH cohort,
time to event or time to censoring was
measured from the date of entry into
the MSH Patients’ Follow-up Study.
The risk ratio (RR) (hazard ratio) and
95% CI for each predictor were deter-
mined and Kaplan-Meier survival
curves were calculated. The propor-
tional hazards assumption was evalu-
ated by assessing whether scaled Shoe-
nfeld residuals showed a trend with
time.38 Since this was a registry study,
prospective power analysis was not
performed.

The results of the analysis from the
NIH cohort were used to define a priori
the analytical plan for the cohort of pa-

tients enrolled in the MSH follow-up
study. For the analysis of the relation
of mortality to NT-proBNP level in the
MSH cohort, a level of 160 pg/mL or
greater (corresponding approxi-
mately to the 75th percentile for the
NIH population) was prospectively de-
fined as abnormal.

Logistic models were used to inves-
tigate associations of a variety of fac-
tors with NT-proBNP levels of 160
pg/mL or greater. Goodness of fit of
the model was assessed using the
Hosmer-Lemeshow statistic39 and a
generalized coefficient of determina-
tion (R2).40-42 Assessment of signifi-
cance was by likelihood ratio test for
the overall model and by ratio of coef-
ficient to estimated standard error for
individual predictors. All analyses
were performed using SAS version 9.3
(SAS Institute Inc, Cary, NC), NCSS
2004 (Number Cruncher Statistical
Systems, Kaysville, Utah), or Graph-
Pad Prism version 4.0 (GraphPad Soft-
ware, San Diego, Calif ). P�.05 was
considered statistically significant.

RESULTS
NT-proBNP Level Changes
The characteristics of patients evalu-
ated in the NIH cohort and in healthy
black controls are shown in TABLE 1.
The median NT-proBNP level was 72
(IQR, 30-160) pg/mL in individuals
with SCD and 29 (IQR, 16-49) pg/mL
in healthy volunteers (P�.001). In pa-
tients with pulmonary hypertension,
NT-proBNP levels were higher (me-
dian, 206 [IQR, 81-701] pg/mL) than
those of patients without pulmonary
hypertension (median, 47 [IQR, 26-
104] pg/mL) and healthy volunteers
(median, 29 [IQR, 16-49] pg/mL)
(P�.001) (FIGURE 1). Using a tricus-
pid regurgitant jet velocity of 2.5 m/s
or greater as the standard, a logistic
value that predicts prospective mortal-
ity in the SCD population,2 the area un-
der the receiver operating characteris-
tic curve using NT-proBNP level to
diagnose pulmonary hypertension was
0.81 (95% CI, 0.74-0.87; P�.001)
(FIGURE 2). An NT-proBNP level of 160
pg/mL or greater representing the 75th

Table 1. Characteristics of Study Participants

Characteristic

NIH Cohort MSH Cohort
P

Value†

Controls

No. Median (IQR)* No. Median (IQR)* No. Median (IQR)*

Age, y 230 33 (27-44) 121 36 (31-42) .24 45 32 (27-35)

Women, No. (%) 230 138 (60) 121 65 (54) .26 45 28 (62)

Hemoglobin, g/dL 228 9.5 (8.2-10.6) 119 9.0 (7.9-10.0) .005 45 13.0 (12.0-15.0)

White blood cell count, �10−3/µL 228 9.8 (7.6-11.8) 120 9.5 (7.7-12.4) .63 45 4.8 (4.2-6.6)

Platelet count, �10−3/µL 228 346 (272-437) 119 346 (281-405) .76 45 254 (222-289)

Reticulocyte count, �10−3/µL 216 212 (143-340) 110 178 (127-253) .003 36 70 (46-80)

Fetal hemoglobin, % 229 5.8 (2.0-11.5) 119 4.3 (2.3-7.7) .054 36 0.2 (0-1)

HbSC disease, No. (% of patients) 229 41 (18) NA NA NA NA NA

Creatinine, mg/dL 227 0.7 (0.5-0.8) 120 0.7 (0.6-0.8) .21 45 0.8 (0.7-1.0)

Blood urea nitrogen, mg/dL 227 8 (6-11) 104 7 (6-10) .76 45 12 (9-14)

Lactate dehydrogenase, U/L 206 313 (229-413) NA NA NA 41 156 (141-175)

Alanine aminotransferase, U/L 227 21 (17-33) 112 30 (19-42) .004 45 16 (13-27)

Aspartate aminotransferase, U/L 225 35 (24-51) 114 37 (27-49) .43 45 21 (17-26)

Alkaline phosphatase, U/L 226 96 (69-125) 118 97 (75-123) .45 45 71 (58-86)

Total bilirubin, mg/dL 225 2.1 (1.3-3.5) 118 2.3 (1.5-3.5) .15 45 0.5 (0.4-0.7)

Albumin, g/dL 226 4.1 (3.9-4.3) 119 4.2 (4.0-4.5) .01 43 4.2 (4.0-4.3)

Ferritin, mg/L 221 257 (98-937) NA NA NA 26 43 (22-93)

Uric acid, mg/dL 226 5.9 (4.5-7.1) 119 5.8 (4.4-7.4) .93 41 4.8 (3.5-5.6)

Tricuspid regurgitant jet velocity, m/s 226 2.3 (2.0-2.6) NA NA NA 36 1.9 (1.0-2.0)
Abbreviations: HbSC, hemoglobin SC; IQR, interquartile range; MSH, Multicenter Study of Hydroxyurea in Sickle Cell Anemia; NA, not available; NIH, National Institutes of Health.
SI conversion factors: To convert creatinine values to µmol/L, multiply values by 88.4; blood urea nitrogen values to mmol/L, multiply by 0.357; and bilirubin values to µmol/L,

multiply by 17.1.
*Except where otherwise noted.
†Statistical comparison (Wilcoxon test of location or z test) made between sickle cell patient populations; values from healthy controls are presented as normal reference and not

used for statistical comparison.
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percentile for the population pro-
vided a sensitivity of 57%, a specificity
of 91%, a likelihood ratio of 6.33, and
a positive predictive value of 78%.

NT-proBNP Levels and Functional
Capacity, Pulmonary Hypertension,
and Left Ventricular
Diastolic Dysfunction

NT-proBNP levels negatively corre-
lated with peak oxygen consumption
and 6-minute walk distance. Echocar-
diographic markers of pulmonary hy-
pertension and right ventricular func-
tion, including tricuspid regurgitant jet
velocity, right atrial area, right ventricu-
lar area, and diameter of the vena cava,
were associated with high NT-proBNP
levels. NT-proBNP levels also corre-
lated with left atrial size and left ven-
tricular mass index and with echo-
cardiographic markers of diastolic
dysfunction such as early-late ventricu-
lar filling ratio, deceleration time, and
early-late mitral annular velocity ratio
obtained by tissue Doppler but did not
correlate with measures of left ventricu-
lar area or ejection fraction (TABLE 2).

In patients undergoing right heart
catheterization, NT-proBNP levels di-
rectly correlated with pulmonary ar-
tery systolic, diastolic, and mean pres-
sures; pulmonary vascular resistance;
and the transpulmonary pressure gra-
dient. NT-proBNP levels also corre-
lated negatively with cardiac output.
The association between NT-proBNP
level and pulmonary capillary wedge
pressure in this relatively small sample
of patients was weaker and did not
achieve statistical significance (Table 2).

These data suggest that in patients
with SCD and pulmonary hyperten-
sion, elevations in NT-proBNP levels are
primarily determined by right ventricu-
lar dilation secondary to intrinsic pul-
monary vascular disease, rather than by
left ventricular systolic or diastolic dys-
function. However, left ventricular dia-
stolic dysfunction did contribute to pul-
monary hypertension in a subgroup of
patients with elevated NT-proBNP lev-
els. The correlation between NT-
proBNP level and invasive measures of
pulmonary hypertension is likely to be

stronger in these catheterized patients
with more severe pulmonary hyperten-
sion than in those individuals with
milder elevations in pulmonary arte-
rial pressures.

NT-proBNP Levels and
Mortality (NIH Cohort)

Two hundred nine patients were alive
at the time of last follow-up, with a
median follow-up time of 31 (range,
1.3-49) months. There were 21 deaths
during the study; in these patients, the
median follow-up time was 19 (range,
1.6-42) months. At 40 months the
cumulative survival was 94% in
patients with NT-proBNP levels of 30
pg/mL or less (25th percentile) and
93% in those with NT-proBNP levels
greater thab 30 pg/mL and less than
160 pg/mL, whereas it was 74% in
patients with NT-proBNP levels of 160
pg/mL or greater (75th percentile).
There was no apparent difference in
mortality between patients with
NT-proBNP levels at or below the
25th percentile (30 pg/mL) and those
with levels between the 25th and 75th
percentiles (P=.85, log-rank test).

The unadjusted risk ratio for death
of patients with log-transformed NT-
proBNP levels in the 75th percentile
compared with those having levels in
the 25th percentile was 2.1 (95% CI,
1.4-2.9; P�.001) and 1.8 (95% CI, 1.1-
2.9; P=.03), respectively, after adjust-
ment for age, glomerular filtration rate,
and white blood cell count (TABLE 3).
Risk of death at 30 months after en-
rollment was 2.8% for patients with NT-
proBNP levels in the 25th percentile and
22.3% for those with levels in the 75th
percentile (difference, 19.5%; 95% CI,
6.2%-32.7%). Ferritin level was also a
univariate predictor of death in this co-
hort (RR, 4.6; 95% CI, 2.1-10.1;
P�.001), and its addition to the mul-
tivariate model decreased the strength
of association between NT-proBNP
level and mortality (RR, 1.5; 95% CI,
0.9-2.5; P=.14), consistent with the pre-
viously described association of iron
overload with pulmonary hyperten-
sion and ventricular dysfunction.2 Ad-
justment for the presence of systemic

Figure 1. Plasma N-Terminal Pro-Brain
Natriuretic Peptide (NT-proBNP) Levels in
Patients With Sickle Cell Disease—NIH
Cohort
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Figure 2. Receiver Operating Characteristic
Curve for Cutoff Levels of N-Terminal
Pro-Brain Natriuretic Peptide (NT-proBNP) in
the Diagnosis of Pulmonary Hypertension in
Patients With Sickle Cell Disease—NIH Cohort
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hypertension (RR, 1.9; 95% CI, 1.2-
2.9; P=.008), fetal hemoglobin levels
(RR, 2.1; 95% CI, 1.4-3.0; P�.001), hy-
droxyurea use (RR, 2.1; 95% CI, 1.5-
3.1; P�.001), and the number of emer-
gency department visits per year (RR,
2.2; 95% CI, 1.6-3.1; P�.001) did not
change the relationship between NT-
proBNP levels and mortality. Adjust-
ment for tricuspid regurgitant jet ve-
locity decreased the strength of
association between NT-proBNP level
and mortality (RR, 1.6; 95% CI, 1.0-
2.4; P = .048), consistent with the
association of high NT-proBNP levels
and the presence of pulmonary
hypertension.

Kaplan-Meier estimates of survival
demonstrated a mortality break point
in patients with NT-proBNP levels at
or above the 75th percentile (corre-
sponding to an absolute value of 160
pg/mL) when compared with those in-
dividuals having levels below the 75th

percentile (FIGURE 3). Using this cut-
off value, the unadjusted RR for death
of patients with NT-proBNP levels of
160 pg/mL or greater when compared
with those having levels less than 160
pg/mL was 5.1 (95% CI, 2.1-12.6;
P�.001) and 3.1 (95% CI, 1.2-8.1;
P=.02), respectively, after adjustment
for age, glomerular filtration rate, and
white blood cell count. Addition of fer-
ritin level to the multivariate model de-
creased the strength of association be-
tween NT-proBNP levels of 160 pg/mL
or greater and mortality (RR, 2.5; 95%
CI, 0.9-6.7; P= .07). Adjustment for
presence of systemic hypertension (RR,
3.3; 95% CI, 1.1-9.3; P=.03), fetal he-
moglobin level (RR, 5.1; 95% CI, 2.1-
12.5; P�.001), hydroxyurea use (RR,
5.7; 95% CI, 2.2-14.7; P�.001), and the
number of emergency department vis-
its per year (RR, 6.2; 95% CI, 2.4-
15.8; P�.001) did not change the re-
lationship between NT-proBNP levels
of 160 pg/mL or greater and mortality.
Adjustment for tricuspid regurgitant jet
velocity decreased the strength of the
association between NT-proBNP lev-
els of 160 pg/mL or greater and mor-
tality (RR, 2.8; 95% CI, 1.0-7.8; P=.04).

NT-proBNP Levels and
Pulmonary Hypertension and
Mortality (MSH Cohort)

We measured NT-proBNP levels in
stored samples from 121 participants in
the 1996 MSH Patients’ Follow-up Study
to explore the prevalence and associ-
ated risk of pulmonary hypertension in
that well-characterized patient cohort
(Table 1). The patients enrolled in the
MSH cohort were more anemic, had
lower reticulocyte counts, lower fetal he-
moglobin levels, and higher alanine ami-
notransferase levels. These findings likely
reflect the greater severity of vaso-
occlusive disease in the MSH patients, a
criterion for study entry.

During a median follow-up of 47
(range, 1-61) months, 24 deaths oc-
curred in the MSH cohort. An abnor-
mal NT-proBNP level (�160 pg/mL)
was selected a priori to identify pa-
tients in the MSH cohort with pulmo-
nary hypertension. An NT-proBNP level

Table 2. Spearman Correlation Analysis of N-Terminal Pro-Brain Natriuretic Peptide With
Functional and Hemodynamic Parameters—NIH Cohort

Parameter No. R P Value

Functional capacity
Peak oxygen consumption, L/min 25 −0.55 �.001

6-minute walk distance, m 34 −0.54 .001

Echocardiography
Tricuspid regurgitant jet velocity, m/s 226 0.50 �.001

Left ventricular ejection fraction, % 128 −0.05 .53

Diameter of vena cava, mm 211 0.22 �.001

Left atrial size, mm 226 0.22 �.001

Right atrial area, cm2 211 0.21 .002

Left ventricular area, cm2 161 0.09 .24

Right ventricular area, cm2 160 0.28 �.001

Left ventricular mass index 158 0.18 .02

Echocardiographic markers of diastolic function
E/A ratio 157 −0.16 .04

Deceleration time 158 0.18 .02

Tissue doppler Em/Am ratio 157 −0.24 .002

Right heart catheterization
Pulmonary artery pressure, mm Hg

Systolic 37 0.59 .002

Diastolic 37 0.37 .02

Mean 37 0.43 .006

Pulmonary vascular resistance 37 0.51 .001

Pulmonary capillary wedge pressure, mm Hg 37 0.30 .07

Cardiac output, L/min 37 −0.43 .006

Transpulmonary pressure gradient 37 0.40 .03
Abbreviations: E/A ratio, early-late ventricular filling ratio; Em/Am ratio, early-late mitral annular velocity ratio; NIH, Na-

tional Institutes of Health.

Table 3. Cox Proportional Hazards
Regression Analysis of Mortality—
NIH Cohort

Risk Factor
RR

(95% CI)
P

Value*

Unadjusted NT-proBNP
levels

Log10 2.1 (1.4-2.9) �.001

�160 pg/mL 5.1 (2.1-12.5) �.001

Adjusted NT-proBNP
levels†

Log10 1.8 (1.1-2.9) .03

�160 pg/mL 3.1 (1.2-8.1) .02

Age, y 2.6 (1.3-4.9) .006

GFR‡ 1.9 (1.1-3.3) .02

White blood cell count 1.6 (1.1-2.4) .02
Abbreviations: CI, confidence interval; GFR, glomerular fil-

tration rate; NIH, National Institutes of Health; NT-
proBNP, N-terminal pro-brain natriuretic peptide; RR, risk
ratio.

*From likelihood ratio test.
†Adjusted for age, GFR, and white blood cell count. For

log NT-proBNP, RR for age and white blood cell count
is given for 75th relative to 25th percentile, calculated
as ecoefficient � (75th percentile − 25th percentile); RR for GFR is
given for 25th relative to 75th percentile, calculated as
ecoefficient � (25th percentile − 75th percentile).

‡Negative association with mortality, ie, higher values are
associated with a lower risk of mortality.
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of 160 pg/mL or greater was present in
30% of patients in the MSH cohort in
1996, suggesting a prevalence of pul-
monary hypertension that is compa-
rable to that in recent reports.2,3

Sixty-month survival was 94% in pa-
tients with NT-pro BNP levels of 30
pg/mL or less and 83% in those with NT-
proBNP levels greater than 30 pg/mL and
less than 160 pg/mL, whereas it was 51%
in patients with NT-proBNP levels of 160
pg/mL or greater. There was no appar-
ent difference in mortality between pa-
tients with NT-proBNP levels of 30
pg/mL or less and those with levels
greater than 30 pg/mL and less than 160
pg/mL (P=.16, log-rank test).

An NT-proBNP level of 160 pg/mL or
greater was a univariate predictor of mor-
tality (RR, 2.8; 95% CI, 1.2-6.6; P=.02)
(Figure 3), with risks of death at 47
months after enrollment of 14.1% for pa-
tients with levels less than 160 pg/mL and
26% for those with levels of 160 pg/mL
or greater (difference, 11.9%; 95% CI,
5.9%-29.8%). This relationship re-
mained significant for log-transformed
levels (RR, 2.6; 95% CI, 1.2-4.0; P=.002)
and after adjustment for other covari-
ates such as age (RR, 2.7; 95% CI, 1.1-
6.7; P=.03), systemic hypertension (RR,
2.8; 95% CI, 1.3-6.6; P=.02), white blood
cell count (RR, 2.6; 95% CI, 1.1-6.3;
P=.02), fetal hemoglobin level (RR, 2.8;
95% CI, 1.2-6.5; P=.01), use of hydroxy-
urea (RR, 2.8; 95% CI, 1.2-6.5; P=.02),
and rate of vaso-occlusive crisis (RR, 3.1;
95% CI, 1.3-7.4; P=.01). Adjustment for
glomerular filtration rate decreased the
strength of association between NT-
proBNP levels of 160 pg/mL or greater
and mortality (RR, 1.9; 95% CI, 0.7-
4.9; P=.19). Similarly, in a multivariate
model including all these covariates, the
risk ratio for death of patients with NT-
proBNP levels of 160 pg/mL or greater
when compared with those having lev-
els less than 160 pg/mL decreased to 1.9
(95% CI, 0.7-5.4; P=.20).

Mechanisms for Elevated
NT-proBNP Level

In the NIH cohort, univariate predic-
tors of a high NT-proBNP level included
a low hemoglobin level (R = −0.41,

P�.001) and high levels of lactate
dehydrogenase (R = 0.31, P�.001),
aspartate aminotransferase (R=0.23,
P�.001), and total bilirubin (R=0.29,
P�.001), suggesting an association
between NT-proBNP and hemolytic
anemia. High NT-proBNP levels were
also associated with markers of renal
dysfunction (high levels of serum crea-
tinine [R=0.22, P�.001] and blood urea
nitrogen [R=0.26, P�.001]), liver dys-
function (high serum alkaline phos-
phatase level [R=0.22, P�.001] and low
serum albumin level [R = −0.30,
P�.001]), iron overload (high serum
ferritin level [R=0.21, P�.001]), and
high serum uric acid level (R=0.21,
P=.001). Advanced age was also cor-
related with high NT-proBNP levels
(R=0.37, P�.001).

In the MSH cohort, univariate pre-
dictors of a high NT-proBNP level in-
cluded advanced age (R=0.35, P�.001),
low hemoglobin level (R = −0.54,
P�.001), and high levels of creatinine
(R=0.24, P�.001), blood urea nitro-
gen (R=0.28, P=.004), total bilirubin
(R=0.21, P=.02), and cell-free plasma
hemoglobin (R=0.27, P=.01). There
was no correlation between NT-
proBNP levels and prospective rates of

painful episodes or the acute chest syn-
drome, hydroxyurea use or fetal hemo-
globin levels, and leukocyte and plate-
let counts. Overall, the strongest
association was observed for hemoglo-
bin (FIGURE 4).

TABLE 4 illustrates the results of a lo-
gistic regression analysis of indepen-
dent clinical and laboratory factors as-
sociated with a high NT-proBNP level.
In the NIH cohort these factors in-
cluded advanced age, low hemoglobin
levels, and high levels of lactate dehy-
drogenase and ferritin, while in the
MSH cohort these factors included low
hemoglobin levels and high blood urea
nitrogen levels.

Log NT-proBNP levels and the pro-
portion of patients with levels of 160
pg/mL or greater were not different in
patients originally assigned to receive
hydroxyurea when compared with
those who received placebo in the MSH
trial (P=.93 and P=.59, respectively).
In a general linear model with log NT-
proBNP level as the outcome and hy-
droxyurea use and fetal hemoglobin
level as the predictors, neither hydrox-
yurea use (P=.97) nor fetal hemoglo-
bin level (P=.92) were significant, sug-
gesting that hydroxyurea use or fetal

Figure 3. Kaplan-Meier Survival Curves by N-Terminal Pro-Brain Natriuretic Peptide
(NT-proBNP) Level—NIH and MSH Cohorts
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P values were derived from proportional hazards model. Median follow-up, 30 (range, 1.3-49) months in the
National Institutes of Health (NIH) cohort and 47 (range, 1-61) months in the Multicenter Study of Hydroxy-
urea in Sickle Cell Anemia (MSH) cohort.
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hemoglobin level did not affect base-
line level of NT-proBNP.

COMMENT
An analysis of 2 different groups of
patients with SCD reveals that NT-
proBNP level provides diagnostic and
mechanistic information about the
development of pulmonary hyperten-
sion and identifies patients at the high-
est risk of death. This is the first readily
available laboratory biomarker to pro-
vide prognostic information in this

populationsincewhitebloodcell counts
and fetal hemoglobin levels were dem-
onstrated to be independent predic-
tors of death in the Cooperative Study
of Sickle Cell Disease (CSSCD).43 Our
results suggest that in patients with
SCD, an elevated NT-proBNP level
largely reflects the severity of right ven-
triculardysfunctionassociatedwithpul-
monary arterial hypertension rather
than left ventricular filling abnormali-
ties and is strongly associated with
advanced age, renal insufficiency, iron
overload, and hemolytic anemia. In the
CSSCD population, clinical events such
as frequent vaso-occlusive crises and
acute chest syndrome predicted early
mortality. Our data suggest that the
number of episodes of vaso-occlusive
crisis and the acute chest syndrome are
not associated with pulmonary hyper-
tension and that pulmonary hyperten-
sion represents the single largest deter-
minant of prospective risk of death in
this population.

Brain natriuretic peptide levels have
been shown to correlate with func-
tional capacity, severity of pulmonary
hypertension, and prognosis in pa-
tients with pulmonary arterial hyper-
tension.27,29 In catheterized patients in
our study, NT-proBNP levels corre-
lated with markers of pulmonary arte-
rial hypertension and right ventricu-

lar dilation to a greater extent than
indirect markers of left ventricular dys-
function such as pulmonary capillary
wedge pressure. In the entire cohort,
NT-proBNP levels correlated strongly
with tricuspid regurgitant jet velocity
and to a lesser extent with echocardio-
graphic markers of diastolic dysfunc-
tion and left atrial size, a finding that
has been previously reported in pa-
tients with left ventricular diastolic dys-
function.44 These data suggest that al-
though the etiology of pulmonary
hypertension is likely to be multifac-
torial, pulmonary vascular disease is the
dominant pathophysiological process
responsible for the pulmonary hyper-
tension observed in patients with SCD
and that left ventricular diastolic dys-
function is a significant but less impor-
tant contributor.

Despite the association between NT-
proBNP level and tricuspid regur-
gitant jet velocity, its sensitivity and
specificity for the diagnosis of a tricus-
pid regurgitant jet velocity of 2.5 m/s
or greater is not optimal. However, both
assays provide prognostic informa-
tion, and neither assay represents a gold
standard for the diagnosis of pulmo-
nary arterial hypertension. For example,
the sensitivity of echocardiography
compared with right heart catheteriza-
tion in patients with other forms of pul-

Figure 4. Negative Correlation Between Levels of N-Terminal Pro-Brain Natriuretic Peptide (NT-proBNP) and Hemoglobin
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Table 4. Logistic Regression Model of
N-Terminal Pro-Brain Natriuretic Peptide
Level Dichotomized as �160 or �160 pg/mL

Independent Variable
OR

(95% CI)*
P

Value†

NIH cohort
Age, y 3.0 (2.0-6.2) �.001

Hemoglobin, g/dL 0.5 (0.3-0.9) .03

Lactate
dehydrogenase, U/L

2.3 (1.4-4.0) .002

Ferritin, mg/L 1.5 (1.1-1.9) .003

MSH cohort
Hemoglobin, g/dL 0.2 (0.1-0.6) .003

Blood urea
nitrogen, mg/dL

2.2 (1.3-3.7) .003

Abbreviations:CI, confidence interval;MSH,MulticenterStudy
of Hydroxyurea in Sickle Cell Anemia; NIH, National In-
stitutes of Health; OR, odds ratio.

*Odds ratio is given for 75th relative to 25th percentile, cal-
culated as ecoefficient � (75th percentile − 25th percentile); for each vari-
able listed in the table, OR presented is adjusted for the
other variables in the model.

†From Wald �2
1 test on (estimated coefficient/estimated stan-

dard error).2
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monary hypertension ranges from 79%
to 100%, and the specificity ranges from
60% to 98%.45 Echocardiography pro-
vides additional clinical information,
such as the assessment of ventricular
and valvular function. Overall, these
studies support the use of both screen-
ing measurements in this population for
the identification of patients with hemo-
dynamically significant pulmonary
hypertension who are at high risk for
death.

Recent studies reveal a 30% preva-
lence of pulmonary hypertension in
adults with SCD.2,3 Using NT-proBNP
level as a surrogate for the presence of
pulmonary hypertension, we found the
same prevalence in the MSH cohort, a
finding that indicates that pulmonary
hypertension was remarkably com-
mon over the last decade in patients
with SCD. NT-proBNP level was also
an independent predictor of death in
both an unselected population of
patients with SCD of different severi-
ties screened at the NIH and in a se-
lected group of MSH participants with
homozygous sickle hemoglobin dis-
ease and frequent episodes of vaso-
occlusive crises.

In the MSH cohort, the use of hy-
droxyurea did not appear to protect
against the development of pulmo-
nary hypertension or death related to
pulmonary hypertension. While this
finding is consistent with observa-
tions in the NIH cohort,2 it must be in-
terpreted with caution given the rela-
tively small number of patients included
in the MSH analysis, the relatively short
duration of hydroxyurea therapy, and
the modest associated increases in fe-
tal hemoglobin levels. It is also con-
ceivable that although hydroxyurea de-
creases hemolytic rate and increases red
blood cell survival,46 the magnitude of
this response may not be sufficient to
prevent the development of hemolysis-
associated endothelial dysfunction.12

The lack of association between pul-
monary hypertension and fetal hemo-
globin levels or hydroxyurea use could
also have been the result of a survivor
effect among patients in the MSH fol-
low-up study.

An apparent central process in the
development of pulmonary hyperten-
sion in patients with SCD is hemolytic
anemia. As a result of hemolysis, he-
moglobin is released into plasma, where
it reacts with and destroys nitric ox-
ide, resulting in a state of intrinsic re-
sistance to nitric oxide–dependent va-
sodilation.6,11,12,47 In addition, hemolysis
also releases erythrocyte arginase into
plasma, which depletes L-arginine, the
substrate for nitric oxide synthesis, by
its conversion to ornithine.9,48 The as-
sociation between markers of hemolytic
anemia and NT-proBNP level provide
further epidemiologic evidence for a
mechanistic link between hemolysis
and pulmonary hypertension. Hemoly-
sis and impaired nitric oxide bioavail-
ability likely also increase the risk of in-
travascular thrombosis.49-56 Hemolysis
also leads to the accumulation of plasma
and tissue redox-active heme and iron,
which contributes to the generation of
reactive oxygen species that can exac-
erbate ischemia-reperfusion injury,
thrombosis, and endothelial and
smooth muscle proliferative re-
sponses.57-60 A number of clinical com-
plications of SCD are associated with
low hemoglobin levels, including pul-
monary hypertension, priapism, and leg
ulcers, suggesting that there may exist
a clinical subphenotype of SCD caused
by chronic hemolytic anemia.2,10,11

In conclusion, these studies suggest
that a high NT-proBNP level is associ-
ated with pulmonary hypertension and
is a major risk factor for death in patients
with SCD. Our findings also provide fur-
ther support for a mechanistic link
between hemolytic anemia and pulmo-
nary hypertension. The MSH analysis
suggests that ratesofpainepisodes in this
small sampleof seriously illpatientswere
unrelated to risk of death; we speculate
that this risk was largely determined by
hemolyticanemia–associatedoccultpul-
monary hypertension.
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