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A Hemodynamic Study of Pulmonary
Hypertension in Sickle Cell Disease

Florence Parent, M.D., Dora Bachir, M.D., Jocelyn Inamo, M.D.,
Francois Lionnet, M.D., Francoise Driss, M.D., Gylna Loko, M.D.,
Anoosha Habibi, M.D., Soumiya Bennani, M.D., Laurent Savale, M.D.,
Serge Adnot, M.D., Bernard Maitre, M.D., Azzedine Yaici, M.D., Leila Hajji, M.D.,
Dermot S. O’Callaghan, M.D., Pierre Clerson, M.D., Robert Girot, M.D.,
Frederic Galacteros, M.D., and Gerald Simonneau, M.D.

ABSTRACT

BACKGROUND
The prevalence and characteristics of pulmonary hypertension in adults with sickle
cell disease have not been clearly established.

METHODS

In this prospective study, we evaluated 398 outpatients with sickle cell disease (mean
age, 34 years) at referral centers in France. All patients underwent Doppler echocar-
diography, with measurement of tricuspid-valve regurgitant jet velocity. Right heart
catheterization was performed in 96 patients in whom pulmonary hypertension was
suspected on the basis of a tricuspid regurgitant jet velocity of at least 2.5 m per second.
Pulmonary hypertension was defined as a mean pulmonary arterial pressure of at
least 25 mm Hg.

RESULTS

The prevalence of a tricuspid regurgitant jet velocity of at least 2.5 m per second was
27%. In contrast, the prevalence of pulmonary hypertension as confirmed on cath-
eterization was 6%. The positive predictive value of echocardiography for the detec-
tion of pulmonary hypertension was 25%. Among the 24 patients with confirmed
pulmonary hypertension, the pulmonary-capillary wedge pressure was 15 mm Hg or
less (indicating precapillary pulmonary hypertension) in 11 patients. Patients with
confirmed pulmonary hypertension were older and had poorer functional capacity
and higher levels of N-terminal pro—-brain natriuretic peptide than other patients.
In contrast, patients who had a tricuspid regurgitant jet velocity of at least 2.5 m per
second without pulmonary hypertension and patients with a tricuspid regurgitant
jet velocity of less than 2.5 m per second had similar clinical characteristics.

CONCLUSIONS
In this study of adults with sickle cell disease, the prevalence of pulmonary hyper-
tension as confirmed on right heart catheterization was 6%. Echocardiographic
evaluation alone had a low positive predictive value for pulmonary hypertension.
(Funded by the French Ministry of Health and Assistance Publique-Hdopitaux de
Paris; ClinicalTrials.gov number, NCT00434902.)
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PULMONARY HYPERTENSION IN SICKLE CELL DISEASE

N SEVERAL STUDIES, PULMONARY HYPER-

tension, particularly pulmonary arterial hy-

pertension, has been reported as a frequent
complication of sickle cell disease.** Pulmonary
arterial hypertension is characterized by the pres-
ence of precapillary pulmonary hypertension in
the absence of left-sided heart disease, lung dis-
ease, or chronic thromboembolism. On histopath-
ological analysis, pulmonary arterial hypertension
is characterized by the proliferation of medial
smooth-muscle cells and endothelial cells in the
small pulmonary arteries.> Pulmonary arterial hy-
pertension may be idiopathic, heritable, or asso-
ciated with other disorders, such as connective
tissue diseases and congenital heart disease.® In
the updated classification of pulmonary hyper-
tension, sickle cell disease appears as a separate
entity in the subgroup of cases of pulmonary ar-
terial hypertension associated with identified dis-
eases.5®

In recent studies involving adults with sickle
cell disease, the prevalence of pulmonary hyper-
tension (as defined by a tricuspid-valve regurgi-
tant jet velocity of at least 2.5 m per second on
Doppler echocardiography) has been as high as
30%.°12 However, in these studies, the diagnosis
of pulmonary hypertension was not systemati-
cally confirmed on right heart catheterization,
a procedure that is recommended in international
guidelines as the standard of care.”®13 In screen-
ing programs for pulmonary hypertension in high-
risk populations, the use of a definition of pul-
monary hypertension that is based on the results
of echocardiography alone results in a substantial
number of false positive diagnoses that are not
confirmed on right heart catheterization.t#-1
Hence, invasive hemodynamic assessment is nec-
essary to accurately diagnose pulmonary hyper-
tension. In some studies involving patients with
sickle cell disease, a tricuspid regurgitant jet ve-
locity of at least 2.5 m per second independently
predicted an increased risk of death.>** However,
the proportion of these patients with an abnor-
mally high mean pulmonary arterial pressure is
unknown. The use of right heart catheterization
also makes it possible to distinguish between pre-
capillary pulmonary hypertension, which is mainly
caused by pulmonary arterial hypertension, and
postcapillary pulmonary hypertension, which is
associated with left-sided heart disease.*°

The objective of this study was to determine
the prevalence of pulmonary hypertension, as as-
sessed on right heart catheterization, in adults

N ENGL ) MED 365;1

with sickle cell disease in whom the disorder was
suspected on the basis of Doppler echocardiogra-
phy. We also sought to categorize pulmonary hy-
pertension according to its cause.

METHODS

STUDY DESIGN

This prospective, multicenter study was performed
in collaboration with three French referral cen-
ters for sickle cell disease and the National Refer-
ence Center for Pulmonary Hypertension. The
study protocol was approved by the ethics com-
mittee at each participating center. The study was
funded by the French Ministry of Health and the
Delegation for Clinical Research of the Assistance
Publique-Hopitaux de Paris. The sponsors had no
role in the design or conduct of the study. Data
were collected by investigators at each study center.

STUDY PATIENTS

Patients with sickle cell disease who were 18 years
of age or older were recruited from the three re-
ferral centers. All patients were homozygous for
hemoglobin S or had SB° thalassemia. Only out-
patients in stable condition were included. Exclu-
sion criteria were severe renal insufficiency, severe
liver disease, and chronic restrictive lung disease
(Fig. 1). All patients provided written informed
consent. Details regarding the selection and eval-
uation of patients are provided in the Supplemen-
tary Appendix, available with the full text of this
article at NEJM.org.

ECHOCARDIOGRAPHY AND RIGHT HEART
CATHETERIZATION

We performed transthoracic echocardiography in
all patients as a screening test for pulmonary hy-
pertension.”1® We used continuous-wave Doppler
sampling of the peak tricuspid-valve regurgitant
jet velocity to calculate the pulmonary arterial sys-
tolic pressure, as described previously.2°-2? (For de-
tails, see the Supplementary Appendix.) We then
performed right heart catheterization in all pa-
tients with a tricuspid regurgitant jet velocity of
at least 2.5 m per second.

On the basis of the results of echocardiogra-
phy and right heart catheterization, we classified
patients into three groups (Fig. 1). Patients in
group 1 had either a tricuspid regurgitant jet veloc-
ity of less than 2.5 m per second or a tricuspid
regurgitant jet velocity that could not be mea-
sured, without other echocardiographic signs of
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445 Patients were assessed for eligibility
42 Were excluded
29 Had severe renal insufficiency
8 Had severe lung disease
5 Had severe liver disease
403 Signed informed consent
5 Were excluded owing to unstable
clinical condition
398 Underwent Doppler echocardiographic
screening
289 (739%) Had TRJV <2.5 m/sec 109 (27%) Had TRJV 22.5 m/sec
Group 1 109 Were suspected of having
289 Did not have pulmonary pulmonary hypertension
hypertension
13 Declined to undergo
right heart catheterization
96 Underwent right heart
catheterization
Group 2 Group 3
72 Were confirmed not to have 24 Were confirmed to have
pulmonary hypertension pulmonary hypertension
(mean PA pressure, <25 mm Hg) (mean PA pressure, =25 mm Hg)
11 Had precapillary 13 Had postcapillary
pulmonary hypertension pulmonary hypertension
(PCWP, <15 mm Hg) (PCWP, >15 mm Hg)
Figure 1. Enrollment and Outcomes.
PA denotes pulmonary artery, PCWP pulmonary-capillary wedge pressure, and TRJV tricuspid regurgitant jet velocity.

pulmonary hypertension or a decrease in the dif-
fusion capacity for carbon monoxide corrected for
alveolar volume. Patients in group 2 had a tricus-
pid regurgitant jet velocity of at least 2.5 m per
second without confirmed pulmonary hyperten-

N ENGL J MED 365;1

sion on catheterization (mean pulmonary arterial
pressure, <25 mm Hg). Patients in group 3 had
a tricuspid regurgitant jet velocity of at least
2.5 m per second with confirmed pulmonary hy-
pertension (mean pulmonary arterial pressure,
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PULMONARY HYPERTENSION IN SICKLE CELL DISEASE

>25 mm Hg). Patients in group 3 were further
classified as having either precapillary pulmonary
hypertension (pulmonary-capillary wedge pres-
sure, <15 mm Hg) or postcapillary pulmonary
hypertension (pulmonary-capillary wedge pres-
sure, >15 mm Hg).¢

FOLLOW-UP
We performed prospective follow-up evaluations
with scheduled annual appointments with physi-
cians for 3 years. For patients who died during fol-
low-up, the date and cause of death were docu-
mented.

STATISTICAL ANALYSIS
We used Pearson’s correlation coefficient to quan-
tify the correlation between the estimation of sys-
tolic pulmonary arterial pressure on echocardiog-
raphy and the measurement on catheterization.
For intergroup comparisons, we used analysis of
variance, Student’s t-test, or the Wilcoxon test for
continuous variables, depending on the number of
groups for comparison and on the normality of
the distribution. For categorical data, we used the
chi-square test or Fisher’s exact test, depending
on the expected number of patients in each cell.
To adjust for multiple comparisons, we performed
post hoc Bonferroni tests for continuous variables.
The type I error risk was partitioned for categorical
variables (with a threshold of 0.025 for each com-
parison). For exploratory purposes, we performed
a nonparametric classification and regression tree
analysis?? to evaluate the use of the 6-minute walk
distance, the level of N-terminal pro-brain natri-
uretic peptide (NT-proBNP), and the tricuspid re-
gurgitant jet velocity as a means of selecting pa-
tients for right heart catheterization (for details,
see the Supplementary Appendix). A P value of less
than 0.05 was considered to indicate statistical
significance for all tests other than the multiple-
comparisons analysis.

RESULTS

STUDY PATIENTS
From February 2007 through March 2009, we eval-
uated 445 patients who met the predefined inclu-
sion criteria (Fig. 1). Of these patients, 42 were ex-
cluded because of serious coexisting illnesses, and
the remaining 403 patients consented to partici-
pate in the trial; 5 patients were subsequently ex-
cluded because of an unstable clinical condition.
The remaining 398 patients underwent Doppler

N ENGL ) MED 365;1

echocardiographic screening. Thirteen patients
who were scheduled to undergo catheterization
declined to participate. The baseline characteris-
tics of the remaining 385 patients who were eval-
uated according to the study protocol are shown
in Table 1. All 403 patients who provided consent
were included in the follow-up analysis. The mean
(#SD) follow-up period was 266 months and was
similar for the three subgroups of patients.

PREVALENCE OF PULMONARY HYPERTENSION
Among the 398 patients who underwent echocar-
diography, 109 (27%) had a peak tricuspid regur-
gitant jet velocity of at least 2.5 m per second
(Fig. 1). Among the 96 patients who then under-
went catheterization, 24 (25%) had confirmed pul-
monary hypertension. There was a significant cor-
relation between the estimation of pulmonary
arterial systolic pressure on echocardiography and
measurement during catheterization (Fig. 2). How-
ever, the strength of this correlation was only
moderate, as reflected in the correlation coeffi-
cient (r=0.645).

CHARACTERISTICS OF THE PATIENTS
The characteristics of patients according to sub-
group (as defined in the Methods section) are
shown in Table 2. Patients in group 1 and group 2
were similar with respect to the frequency of
complications of sickle cell disease and factors
reflecting the presence of hemolysis. Function-
al characteristics (including the New York Heart
Association [NYHA] functional class and the
6-minute walk distance) and NT-proBNP levels
were also similar in the two groups. However,
patients in group 2 were significantly older and
had a higher serum creatinine level than those
in group 1.

Patients in group 3 (i.e., those with pulmonary
hypertension, as confirmed on catheterization)
differed markedly from patients without pulmo-
nary hypertension. As compared with patients in
groups 1 and 2, those in group 3 were signifi-
cantly older and had significantly higher levels
of lactate dehydrogenase and aspartate amino-
transferase. In addition, the 24 patients with con-
firmed pulmonary hypertension also had a high-
ly significant reduction in the 6-minute walk
distance, a worse NYHA functional class, and a
significantly increased NT-proBNP level, as com-
pared with the other patients. The patients with
pulmonary hypertension also had an increased
frequency of leg ulcers, but there was no signifi-

NEJM.ORG JULY 7, 2011

The New England Journal of Medicine

Downloaded from nejm.org at INSERM DISC DOC on July 19, 2011. For personal use only. No other uses without permission.

Copyright © 2011 Massachusetts Medical Society. All rights reserved.

47



The NEW ENGLAND JOURNAL of MEDICINE

Table 1. Characteristics of the Patients at Baseline.*
No. of Patients

Characteristic Evaluated Value
Disease phenotype — no. (%) 385

Hemoglobin SS 379 (98)

SB° thalassemia 6(2)
Age —yr 385 34+10
Female sex — no. (%) 385 232 (60)
Body-mass index 384 2243
Tricuspid regurgitant jet velocity — m/sec 385 2.3£0.4
Blood pressure — mm Hg 377

Systolic 118+16

Diastolic 66+11
Oxygen saturation — % 309 95+3
History of vaso-occlusive crisis — no. (%) 374 333 (89)
History of acute chest syndrome — no. (%) 380 239 (63)
History of stroke — no. (%) 375 19 (5)
History of hypertension — no. (%) 201 21 (10)
History of renal dysfunction — no. (%) 385 98 (25)
History of leg ulcers — no. (%) 377 67 (18)
History of priapism — no. (% of men) 153 55 (36)
Hydroxyurea therapy — (%) 385 90 (23)
Regular transfusion program — no. (%) 385 23 (6)
Hemoglobin — g/dI 383 8.8+1.5
White-cell count — no./mm? 384 9,700+4,900
Platelet count — no./mm? 384 390,000+145,000
Blood urea nitrogen — mg/d| 378 9.8+5.3
Creatinine — mg/d| 385 0.73+0.26
Lactate dehydrogenase — multiple of ULN 368 1.9+0.9
Bilirubin — mg/dl

Total 382 3.45£3.16

Direct 380 0.64+0.46
Aspartate aminotransferase — U/liter 383 40+20
Alanine aminotransferase — U/liter 383 2518
Alkaline phosphatase — U/liter 380 94148

* Plus—minus values are means +SD. Shown are the baseline characteristics of the patients who were evaluated according
to the study protocol. 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. The creatinine clearance was
determined with the use of the Cockcroft formula. 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. ULN denotes upper limit of the
normal range.

T Vaso-occlusive crisis was defined as pain related to sickle cell disease that required consultation at the emergency
department or hospitalization.

cant difference in the incidence of other disease The 24 patients with confirmed pulmonary hyper-
complications. tension (group 3) had a higher tricuspid regurgi-

Hemodynamic findings in the 96 patients who tant jet velocity and significantly higher pulmo-
underwent catheterization are shown in Table 3. nary arterial systolic and diastolic pressures on
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PULMONARY HYPERTENSION IN SICKLE CELL DISEASE

catheterization than the 72 patients without con-
firmed pulmonary hypertension (group 2). Car-
diac output was increased in both groups. Pulmo-
nary vascular-resistance levels were significantly
lower in group 2 than in group 3.

According to the prespecified definitions, 11
patients had precapillary pulmonary hypertension,
and 13 patients had postcapillary pulmonary hy-
pertension. The severity of pulmonary hyperten-
sion in patients with precapillary pulmonary hy-
pertension was usually mild or moderate, with a
high cardiac output. Only 6 of the 11 patients with
precapillary pulmonary hypertension had a pul-
monary vascular resistance of 160 dyn-sec-cm™>
or higher, the classic criterion for pulmonary ar-
terial hypertension.?#

ASSESSMENT OF ECHOCARDIOGRAPHY
AS A SCREENING TEST
With a peak tricuspid regurgitant jet velocity of at
least 2.5 m per second as a cutoff value for the
selection of patients for catheterization, the posi-
tive predictive value of echocardiography for the
detection of pulmonary hypertension was 25%
(Fig. 1A in the Supplementary Appendix). In light
of the updated guidelines for the use of echocar-
diography in screening for pulmonary hyperten-
sion,?> we retrospectively analyzed the perfor-
mance of a cutoff value for a tricuspid regurgitant
jet velocity of at least 2.9 m per second for the
selection of patients for catheterization. On the
basis of this higher cutoff value, the number of
catheterizations would have been reduced from
96 to 22, and the positive predictive value would
have been increased from 25% to 64% (Fig. 1B in
the Supplementary Appendix). However, with this
higher threshold value, the false negative rate would
have been at least 42%.

We performed an exploratory analysis that used
a combination of the tricuspid regurgitant jet ve-
locity, the NT-proBNP level, and the 6-minute walk
distance to select patients for catheterization (for
details, see the Supplementary Appendix). For this
analysis, test characteristics were determined on
the assumption that patients with a tricuspid re-
gurgitant jet velocity of 2.9 m or more per second
or with a tricuspid regurgitant velocity between 2.5
and 2.8 m per second plus either an NT-proBNP
level of at least 164.5 pg per milliliter or a 6-min-
ute walk distance of less than 333 m would un-
dergo catheterization. On the basis of this ap-
proach, the positive predictive value was 62%, and
the false negative rate was at least 7%.

N ENGL ) MED 365;1

907 _o.645
P<0.001

Pulmonary Arterial Systolic Pressure Measured
on Right Heart Catheterization (mm Hg)

90

Estimated Pulmonary Arterial Systolic Pressure
on Doppler Echocardiography (mm Hg)

Heart Catheterization.

identity.

Figure 2. Correlation between Pulmonary Arterial Systolic Pressure
as Estimated on Doppler Echocardiography and as Measured on Right

Shown are data points for all 96 patients who underwent right heart cathe-
terization. However, some patients had identical results, so data points for
these patients are superimposed. The dashed line indicates the line of

ADVERSE EVENTS
Three episodes of vasoocclusive crisis occurred in
three patients shortly after catheterization, neces-
sitating brief hospitalizations. There were no per-
manent sequelae related to these events.

During follow-up, 6 of 403 patients (2%) died.
Four of the 6 deaths occurred in association with
a vasoocclusive crisis and acute chest syndrome.
Of the patients who died, 1 was in group 1, 1 was
in group 2, 3 were in group 3, and 1 was in the
group of 13 patients with a tricuspid regurgitant
velocity of at least 2.5 m per second who declined
to undergo right heart catheterization. Details re-
garding these deaths are provided in the Supple-
mentary Appendix.

DISCUSSION

In this study of adults with sickle cell disease, the
prevalence of a tricuspid regurgitant jet velocity
of at least 2.5 m per second on echocardiography
was 27%, a rate consistent with those in other
studies.®*2 In contrast, the prevalence of pulmo-
nary hypertension that was confirmed on right
heart catheterization was only 6%. Approximately
half the patients with confirmed pulmonary hy-
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Table 2. Characteristics of the Patients, According to Subgroup.*
Group 1 Group 2 Group 3

Characteristic (N=289) (N=72) (N=24) P Valuef
Age —yr 3349 36+11% 45+10%§ <0.001
History of vaso-occlusive crisis — % 91 85 82 0.13
History of acute chest syndrome — % 60 68 78 0.72
History of leg ulcers — % 16 10 647§ <0.001
History of priapism — % of men 36 37 29 1.00
Hydroxyurea therapy — % 23 28 12 0.31
Hemoglobin — g/dI 8.8x1.5 8.7+1.6 8.0+1.8 0.42
Lactate dehydrogenase — multiple of ULN 1.8+0.8 1.8+0.8 3.0+1.4% <0.001
Aspartate aminotransferase — U/liter 38+18 42+17 58+355§ <0.001
Bilirubin — mg/d|

Total 3.4+2.6 3.6+£5.0 3.5+2.0 0.87

Direct 0.64+0.47 0.64+0.35 0.94+0.90:§ 0.02

Indirect 2.8+2.4 3.0+5.0 2.6x1.6 0.80
Creatinine — mg/d| 0.70+0.25 0.84+0.243% 0.83+0.35 0.001
Alkaline phosphatase — U/liter 90+42 93147 136+86%§ <0.001
Alanine aminotransferase — U/liter 25+18 27+20 259 0.74
New York Heart Association class — % <0.001

lorll 94 93 625§

Il or IV 6 7 381§
Six-minute walk distance — m¢ 520+88 527162 404+945§ <0.001
NT-proBNP — pg/ml| 96+123 95+77 961+2067 <0.001

* Plus—minus values are means +SD. Study groups were defined according to the values for tricuspid regurgitant jet ve-
locity on Doppler echocardiography and the results of right heart catheterization. Patients in group 1 had a tricuspid
regurgitant jet velocity of less than 2.5 m per second. Patients in group 2 had a tricuspid regurgitant jet velocity of at
least 2.5 m per second without confirmed pulmonary hypertension on right heart catheterization. Patients in group 3
had a tricuspid regurgitant jet velocity of at least 2.5 m per second and confirmed pulmonary hypertension on right
heart catheterization. The creatinine clearance was determined with the use of the Cockcroft formula. To convert the
values for creatinine to micromoles per liter, multiply by 88.4. To convert the values for bilirubin to micromoles per li-
ter, multiply by 17.1. NT-proBNP denotes N-terminal pro-brain natriuretic peptide, and ULN upper limit of the normal

range.

P values are for overall comparisons of the three study groups and were calculated with the use of analysis of variance

and post hoc Bonferroni tests for continuous variables and chi-square tests or Fisher’s exact test with partition of type |

error risk for categorical variables.
1 P<0.025 for the comparison with group 1.
§ P<0.025 for the comparison with group 2.

9§ The 6-minute walk distance was evaluated in 311 patients.

| The NT-proBNP level was evaluated in 275 patients.

pertension had precapillary pulmonary hyperten-
sion. If we had included the 47 patients with se-
vere end-organ damage or clinical instability who
underwent initial screening (Fig. 1), the preva-
lence of pulmonary hypertension might have been
higher. Given the high prevalence of sickle cell dis-
ease in many regions, this complication may af-
fect a large worldwide population.

The correlation between pulmonary arterial
pressure as estimated on echocardiography and as

N ENGL J MED 365;1

measured on right heart catheterization was only
moderately good in our study. When a thresh-
old tricuspid regurgitant jet velocity of 2.5 m per
second was used to define pulmonary hyperten-
sion, the positive predictive value of echocardiog-
raphy was only 25%. If pulmonary hypertension
had been defined at a higher threshold, a tricuspid
regurgitant jet velocity of 2.9 m per second, the
positive predictive value of echocardiography
would have improved, but several patients with

NEJM.ORG JULY 7, 2011

The New England Journal of Medicine

Downloaded from nejm.org at INSERM DISC DOC on July 19, 2011. For personal use only. No other uses without permission.

Copyright © 2011 Massachusetts Medical Society. All rights reserved.



PULMONARY HYPERTENSION IN SICKLE CELL DISEASE

Table 3. Hemodynamic, Echocardiographic, Functional, an
Heart Catheterization.*

d NT-proBNP Data for 96 Patients Who Underwent Right

Group2  Group 3

Variable (N=72)  (N=24) PValuef  (N=11) (N=13)
Patients who were evaluated (% of all study patients) 19 6 3 3
Tricuspid regurgitant jet velocity (m/sec) 2.7+0.2 3.1+0.4 0.001 3.1£0.5 3.0£0.4
Mean pulmonary arterial pressure (mm Hg) 19+3 30+6 <0.001 28+4 3247
Pulmonary arterial systolic pressure (mm Hg) 28+4 44+7 <0.001 43+7 45+8
Pulmonary arterial diastolic pressure (mm Hg) 1213 19+6 <0.001 15+5 2216
Right atrial pressure (mm Hg) 72 106 <0.001 5+2 13+5
Pulmonary-capillary wedge pressure (mm Hg) 1143 16+7 <0.001 10+3 2145
Cardiac output (liter/min) 8.4+2.1 8.7£1.9 0.60 8.2+16 9.1+2.1
Pulmonary vascular resistance (dyn-sec-cm™f) 72+26 138+58 <0.001 178+55 104+26
New York Heart Association class (%) <0.001

lorll 93 62 55 69

IorlV 7 38 45 31
Six-minute walk distance (m) 527+62 40494 <0.001 406+107 403187
NT-proBNP (pg/ml) 95:77 9612067 <0.001  1443+2884  479+557

Precapillary  Postcapillary
Pulmonary Pulmonary
Hypertension:: Hypertension:

Patients in group 2 had a tricuspid regurgitant jet velocity

of at least 2.5 m per second without confirmed pulmonary

=

hypertension on right heart catheterization. Patients in group 3 had a tricuspid regurgitant jet velocity of at least 2.5 m
per second and confirmed pulmonary hypertension on right heart catheterization. Data from patients in group 1 with a
tricuspid regurgitant jet velocity of less than 2.5 m per second are not listed because they did not undergo right heart
catheterization. NT-proBNP denotes N-terminal pro—brain natriuretic peptide.

" P values were calculated with the use of Student’s t-test, except for the comparison of NT-proBNP levels, which was

performed with the use of the Wilcoxon test, and the comparison of the functional New York Heart Association class,
which was performed with the use of Fisher’s exact test.

: Precapillary pulmonary hypertension is defined as a mean pulmonary arterial pressure of at least 25 mm Hg and a pul-

monary-capillary wedge pressure of 15 mm Hg or less. Postcapillary pulmonary hypertension is defined as a mean pul-
monary arterial pressure of at least 25 mm Hg and a pulmonary-capillary wedge pressure of more than 15 mm Hg.
Chronic thromboembolic pulmonary hypertension was ruled out on the basis of normal or nearly normal results on a
ventilation—perfusion lung scan in all patients with precapillary pulmonary hypertension.

Pulmonary vascular resistance was calculated as ([mean pulmonary arterial pressure—pulmonary-capillary wedge pres-

sure]+cardiac output) x 80.

pulmonary hypertension would not have been
detected with such a threshold. We could not de-
termine the false negative rate from our findings,
since patients with a tricuspid regurgitant veloc-
ity of less than 2.5 m per second did not undergo
right heart catheterization and some cases of pul-
monary hypertension may not have been identi-
fied. Nonetheless, the use of the tricuspid regur-
gitant jet velocity on echocardiography as a single
screening tool for the selection of patients for
right heart catheterization does not appear to be
ideal, whatever threshold is selected. There may
be several reasons for the discrepancy between
these two methods, including the imprecision
of the echocardiographic measurement, inherent

N ENGL ) MED 365;1

physiological variations in pulmonary hemodyna-
mics, and the interval between echocardiography
and catheterization (a median delay of 15 days).

As an alternative approach, we conducted an
exploratory analysis to evaluate the use of tricus-
pid regurgitant velocity on echocardiography to-
gether with the NT-proBNP level and the 6-min-
ute walk distance to select patients for right heart
catheterization. In the resulting algorithm, right
heart catheterization was recommended if the pa-
tient had a tricuspid regurgitant velocity of 2.9 m
or more per second; for patients with a tricuspid
regurgitant velocity between 2.5 and 2.8 m per
second, right heart catheterization was recom-
mended if the NT-proBNP level was at least
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164.5 pg per milliliter or the 6-minute walk dis-
tance was less than 333 m. This approach would
have been more accurate in selecting patients for
right heart catheterization than using a tricuspid
regurgitant velocity of 2.9 m per second alone.
However, this algorithm is a provisional model
derived directly from our own data. Given the lim-
ited number of patients in some of the subgroups
in our study, and given the fact that this algo-
rithm has not been validated in other patients
with sickle cell disease, it cannot be considered
suitable for general clinical application.

As has previously been reported, patients with
sickle cell disease and precapillary pulmonary hy-
pertension had a less marked increase in mean
pulmonary arterial pressure, higher values of car-
diac output, and lower levels of pulmonary vas-
cular resistance than did patients with idiopathic
pulmonary arterial hypertension.# Despite hav-
ing less severe hemodynamic impairment, these
patients nonetheless had a clinically significant
functional limitation, as assessed according to
NYHA functional class (with 45% of patients in
class III or IV) and a marked decrease in the
6-minute walk distance (mean, 406 m). This poor
exercise tolerance, despite only mild or moderate
pulmonary hypertension, is probably multifacto-
rial. Anemia, intrinsic cardiac disease, pulmonary
vascular disease with oxygen desaturation, and
musculoskeletal problems may all contribute to
worsening of functional status.

The role of hemolysis in the pathogenesis of
pulmonary hypertension in patients with sickle
cell disease remains controversial.?® In our study,
data regarding biologic markers of hemolysis were
discordant. Hemoglobin and indirect bilirubin
levels were similar in patients with confirmed pul-
monary hypertension and in those without pul-
monary hypertension. In contrast, we observed in
patients with confirmed pulmonary hypertension

significantly increased lactate dehydrogenase and
aspartate aminotransferase levels, which may also
be influenced by liver dysfunction. Further stud-
ies are needed to clarify the role of hemolysis in
pulmonary hypertension in patients with sickle cell
disease.

In our study, the overall rate of death was 2%,
which was significantly lower than the rate of
5.3% reported in a previous study by Gladwin et
al.,? involving adults with sickle cell disease in the
United States, despite similar mean follow-up peri-
ods in the two studies (26 months and 18 months,
respectively). Such a discrepancy in mortality may
be partially explained by our exclusion of patients
with severe lung or liver disease or renal insuffi-
ciency. The French and U.S. study populations also
differed with respect to the frequency of vascular
complications, which occurred less often in our
patients. Lastly, patients in the U.S. study were
recruited through community outreach programs
and advertising campaigns, whereas our patients
were recruited from referral centers.

In conclusion, in a study of adult outpatients
with stable sickle cell disease, we found that the
prevalence of pulmonary hypertension, as detected
on initial echocardiographic screening and con-
firmed by right heart catheterization, was 6%.
Echocardiographic evaluation alone with the use
of the tricuspid regurgitant velocity as a thresh-
old criterion had a low positive predictive value
for pulmonary hypertension. The optimal ap-
proach for screening such patients for right heart
catheterization remains uncertain.
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