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Thalassemia Syndromes

Introduction

Pulmonary hypertension (PH) is emerging as a significant
cause of mortality and morbidity in patients with hemolytic
anemias1,2 including b-thalassemia. An elevated tricuspid
regurgitant jet velocity (TRV) ≥ 2.5 m/s on Doppler echocar-
diography is a common finding in patients with thalassemia3

and can identify those at increased risk of PH. However, inva-
sive right heart catheterization is required to make a defini-
tive diagnosis of PH. Recent studies suggest that patients with
thalassemia major (TM) and, even more so, those with tha-
lassemia intermedia (TI), have a unique hemodynamic pat-
tern consistent with right ventricular cardiomyopathy and
PH, in addition to the better characterized left ventricular
abnormalities.4-10 Advancing age and a history of splenectomy

are major risk factors for PH in this population.3,10-13 Other risk
factors include transfusion-naivety and an elevated nucleated
red blood cell count.14 

The etiology of PH is multifactorial, and includes the long-
term effects of splenectomy, erythrocyte cell membrane
pathology, coagulation abnormalities/thrombosis, reduced
nitric oxide (NO) bioavailability, excess arginase activity,
platelet activation, oxidative stress, iron overload, chronic
hemolysis, and the anemia itself.4,10,13,15-18 In addition, the
process of hemolysis disables the arginine-NO pathway
through the simultaneous release of erythrocyte arginase and
cell-free hemoglobin, where both NO and its obligate sub-
strate arginine are rapidly consumed.15,17,19-22

Although echocardiographic abnormalities suggestive of
PH have been recognized to occur frequently in both TI and
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Pulmonary hypertension is a common but often overlooked complication associated with thalassemia syndromes.
There are limited data on the safety and efficacy of selective pulmonary vasodilators in this at-risk population. We,
therefore, designed a 12-week, open-label, phase 1/2, pilot-scale, proof-of-principle trial of sildenafil therapy in 10
patients with b-thalassemia and at increased risk of pulmonary hypertension based on an elevated tricuspid regur-
gitant jet velocity >2.5 m/s on Doppler-echocardiography. Variables compared at baseline and after 12 weeks of
sildenafil treatment included Doppler-echocardiographic parameters, 6-minute walked distance, Borg Dyspnea
Score, New York Heart Association functional class, pulmonary function, and laboratory parameters. Treatment
with sildenafil resulted in a significant decrease in tricuspid regurgitant jet velocity by 13.3% (3.0±0.7 versus
2.6±0.5 m/s, P=0.04), improved left ventricular end systolic/diastolic volume, and a trend towards a improved New
York Heart Association functional class. No significant change in 6-minute walked distance was noted. Sildenafil
was well tolerated, although minor expected adverse events were commonly reported. The total dose of sildenafil
(mg) was strongly correlated with percent change in nitric oxide metabolite concentration in the plasma (ρ=0.80,
P=0.01). There were also significant increases in plasma and erythrocyte arginine concentrations. Our study sug-
gests that sildenafil is safe and may improve pulmonary hemodynamics in patients at risk of pulmonary hyperten-
sion; however, it was not demonstrated to improve the distance walked in 6 minutes. Clinical trials are needed to
identify the best treatment strategy for pulmonary hypertension in patients with b-thalassemia. (clinicaltrials.gov
identifier: NCT00872170)
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ABSTRACT



TM patients for some time,1,2,4,5,16,17,23-27 specific guidelines
for the management of these patients have not been estab-
lished and clinical trials are lacking. The phosphodi-
esterase-5 (PDE-5) inhibitor sildenafil has been shown to
reduce pulmonary vascular resistance and improve func-
tional capacity in PH.28 Inhibition of cyclic GMP degrada-
tion by phosphodiesterase-5 inhibition results in enhanced
NO-mediated vasodilation in the pulmonary circula-
tion.21,29 This effect could be particularly beneficial, in the-
ory, in patients with hemolytic disorders, in whom ery-
throcyte release of cell-free hemoglobin and arginase dur-
ing hemolysis will compromise NO bioavailability.15,17
The ability of sildenafil to inhibit platelet activation30 and
treat chronic thromboembolic PH31 may provide addition-
al benefits for thalassemia given the hypercoagulable state
present in this condition.32,33 Small case reports suggest that
treatment with oral sildenafil improved exercise tolerance
and lowered the risk of PH in patients with thalassemia.32,33
Given the high mortality rate associated with PH in other
disorders, the Thalassemia Clinical Research Network
(TCRN) developed a proof-of-principal, pilot trial to eval-
uate the safety and efficacy of sildenafil in patients with
thalassemia and increased risk of PH.

Design and Methods

Subject recruitment and clinical evaluation
The TCRN is a National Institutes of Health-sponsored network

of major thalassemia centers in the USA, Canada, UK, and
Lebanon. All patients were enrolled at participating TCRN centers
(Beirut, Boston, Chicago, London, Oakland, Philadelphia, and
Toronto). Local institutional review boards approved the protocol,
and written informed consent was obtained from all subjects.
Subjects with a thalassemia syndrome (alpha, beta or E-beta tha-
lassemia), confirmed by hemoglobin electrophoresis or by molec-
ular diagnosis, aged ≥7 years old with Doppler-defined PH-risk
(TRV >2.5 m/s) were eligible. A TRV ≥2.5 m/s is 2 standard devi-
ations above normal and associated with morbidity in hemoglo-
binopathies.3,34 A cut-off of 2.6 m/s was chosen to minimize enroll-
ment of borderline cases. At the time this pilot study was
designed, right heart catheterization was not routinely performed
in patients with thalassemia and was considered to be "too inva-
sive" by practicing hematologists. We chose to utilize an echocar-
diographic estimate of elevated pulmonary pressures to facilitate
recruitment of patients and to gain safety and efficacy data to help
design a phase 3 study in the future. Patients undergoing chronic
transfusion therapy had baseline and final evaluations within 7-10
days prior to their next scheduled transfusion. 

Study design
This was a 12-week, open-label, pilot study of sildenafil therapy

for the treatment of patients with a thalassemia syndrome and
echocardiographically-defined risk of PH (TRV >2.5 m/s). Oral
sildenafil was dosed initially at 50 mg three times a day (tid) for 1
week, with a subsequent increase to 100 mg tid as tolerated.
Variables assessed and compared at baseline and after 12 weeks of
sildenafil treatment included 6-minute walked distance (6MWD),
Borg Dyspnea Score, New York Heart Association (NYHA) func-
tional class, echocardiographic parameters, pulmonary function,
and laboratory parameters.

Safety and efficacy
Safety data were collected and shared with the Food and Drug

Administration under IND#66943. Efficacy was judged by the

change after 12 weeks of therapy in 6MWD, TRV assessed by
echocardiography, Borg Dyspnea Score and NYHA functional
classification from baseline.

Doppler echocardiography
Echocardiography was performed at the participating institu-

tions and read centrally at the Brigham and Women's Hospital
Cardiovascular Imaging Core Laboratory (Core Laboratory), with
an eligibility confirmation evaluation of TRV on screening
echocardiography blindly performed in the National Heart Lung
and Blood Institute (NHLBI) echocardiography laboratory.
Eligibility was determined based on the central reading at the Core
Laboratory. Potentially eligible patients were identified based on
locally interpreted TRV at baseline with final eligibility quality
checked by the Core Laboratory. Eligibility was confirmed by a
mean TRV >2.5 m/s at both the Core Laboratory and the NHLBI
laboratory. Echocardiographic measurements were performed
according to the American Society of Echocardiography guide-
lines.35,36 All echocardiography parameters reported were deter-
mined by the Core Laboratory per protocol. Examinations were
recorded on separate tapes for each participant and copies sent to
the Core Laboratory for central analysis and to the NHLBI
echocardiography laboratory for confirmation.
Details on the study exclusion criteria, sildenafil dose modifica-

tion protocol, safety and efficacy, 6MWD, pulmonary function
testing, laboratory studies and statistical analysis are provided in
the Online Supplementary Material.

Results

Patients’ characteristics  
Ten patients with thalassemia and an elevated TRV

(>2.5 m/s) were included in this pilot study. The patients’
demographics and clinical characteristics are summarized
in Table 1. Five of these patients were classified as having
TM requiring life-long, chronic transfusion therapy (> 8
transfusions/year; mean 15.3±3 transfusions in the year
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Table 1. Patients’ demographics and clinical characteristics.
N = 10

Age at enrollment, mean (SD) 37.3 (12.3)
Gender, N. (%)
Male 8 (80%)
Female 2 (20%)
Race, N. (%)
White 5 (50%)
Black 0 (0%)
Asian 4 (40%)
Other 1 (10%)
Diagnosis, N. (%)
b-thalassemia major 5 (50%)
Mean transfusions in last year 15.2±2.8
Baseline pre-study hemoglobin 10.8±1.4

b-thalassemia intermedia 5 (50%)
Mean transfusions in last year 6.0±5.6
Baseline pre-study hemoglobin 10.0±2.8
TI, non-transfused 2 (20%)

Clinical history, N. (%)
Splenectomy 9 (90%)
Hepatitis C 2 (20%)
Smoking in the past year 3 (30%)



prior to enrollment; range, 12-18). Of the five patients
with TI, two had never received transfusions, while the
other three had become transfusion dependent over time,
receiving 8-12 transfusions in the year prior to enrollment.
This population is notable for a high prevalence of
splenectomy and a relatively high average baseline hemo-
globin. Three patients identified by local sites were
excluded because a central TRV reading was ≤ 2.5 m/s,
while one patient was excluded because of a discrepant
TRV measurement between the Core Laboratory and
NHLBI confirmation reading, suggesting a low risk of PH.
No patients were on hydroxyurea therapy.

Effects of sildenafil on tricuspid regurgitant velocity,
exercise capacity and pulmonary function
Treatment with sildenafil for 12 weeks resulted in a sig-

nificant decrease in TRV by 13.3% (3.0±0.7 versus 2.6±0.5
m/s; P=0.04, Figure 1), with normalization of TRV in 40%
of patients and trends towards improved Borg Dyspnea
Score and NYHA functional class (Tables 2 and 3). TRV
correlated with NYHA class (ρ=0.56, P=0.03), dyspnea
after the 6-minute walk test (6MWT) (ρ=0.32, P=0.05) and
inversely correlated with diffusing capacity of the lung for
carbon monoxide (DLCO) (ρ=-0.56, P=0.04). Other param-
eters measured by echocardiography are summarized in

Table 3. Significant decreases in left ventricular end sys-
tolic and end diastolic volumes were also observed, and
were maintained when parameters were indexed for body
surface area. Significant reductions in TRV were only
observed in TM patients (3.2±1 to 2.5±0.7 m/s, n=5;
P=0.02); the change in patients with TI was not statistical-
ly significant (2.8±0.2 to 2.7±0.4, n=5; P=0.39). The per-
cent change in TRV between patients with TM and TI was
significantly different (-25.7±5.7 versus -3.7±12.2%;
P=0.01). 
The 6MWD did not change significantly (Tables 2 and

3). One patient experienced an accidental fracture of a
lower limb which was casted and was, therefore, unable
to complete the 6MWT at the week 12 assessment. The
mean baseline oxygen saturation was 97.0 ± 2.3% before
the 6MWT. Five patients experienced a decrease in  oxy-
gen saturation during or within 2 minutes after comple-
tion of the 6MWT (96.0±2.3 versus 92.0±5.4% pre-walk
versus post-walk) which was not significantly modified by
sildenafil therapy. There were no correlations between
oxygen saturation and 6MWD. Improvements in DLCO
(13.3±7 versus 14.0±8; P=0.04) and DLCO percent predict-
ed (64.2±9 versus 70.5±12; P=0.003) were noted after silde-
nafil therapy, although all other pulmonary function
parameters were unchanged. When DLCO was corrected
for hemoglobin, the improvement after sildenafil therapy
was no longer statistically significant (18.8±8 versus
19.9±10; P=0.13). Interestingly, 6MWD correlated with
DLCO (ρ=0.72, P=0.03), DLCO adjusted for hemoglobin
(ρ=0.73, P=0.05) and FEV1/FVC percent predicted (ρ=0.48,
P=0.04). There was no association of 6MWD with height
or body surface area alone, and no correlations between
6MWD and other parameters, including TRV, NYHA
functional class, oxygen saturation before or during the
6MWD , hemoglobin concentration, or brain natriuretic
peptide levels.

Effects of sildenafil on clinical and laboratory parameters
The effects of sildenafil on vital signs and laboratory

variables are summarized in Table 3. Sildenafil had no

Table 2. NYHA class and 6MWD at baseline and week 12. 
Patient Age, year/sex NYHA class* 6MWD (meters)*

Before After Before After
sildenafil sildenafil sildenafil sildenafil
(Baseline) (Week 12) (Baseline) (Week 12)

1 53/Male II I 673 612
2 43/Female** I . 408 .
3 28/Male*** II II 456 .
4 24/Male I I 570 618
5 51/Male II II 537 598
6 28/Male I I 480 438
7 33/Male II I 534 490
8 49/Female I I 309 319
9 19/Male I I 562 552
10 46/Male II II 478 505

40% class 1 vs. 66.7% class 1 vs. 500.7±99.4 516.5±102.3
60% class 2 33.3% class 2

*P=0.07 for change in NYHA class, P=0.97 for change in 6MWD. **Patient withdrew from study
due to dyspnea and headache. ***Patient was unable to complete 6MWT at 12 weeks due to
accidental leg fracture.

Figure 1. Impact of sildenafil therapy on tricuspid regurgitant jet
velocity (TRV). Twelve weeks of sildenafil therapy resulted in a 13.3%
decrease in TRV measured by Doppler echocardiography (P=0.04) in
patients with thalassemia at risk of pulmonary hypertension.
Significant reductions in TRV were only observed in thalassemia
major (TM, filled circles) patients (3.2±1 to 2.5±0.7 m/s, n=5,
P=0.02). The change in thalassemia intermedia (TI, unfilled circles)
patients (2.8±0.2 to 2.7±0.4, n=5) was not statistically significant
(P=0.39). The percent change in TRV between TM and TI patients was
significantly different (-25.7±5.7 vs. -3.7±12.2%, P=0.01). 

P=0.04
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impact on systemic blood pressure, heart rate or clinical
laboratory tests.  In order to evaluate potential mecha-
nisms of action, biomarkers of hemolysis, inflammation,
adhesion, coagulation and the arginine-NO pathway were
also evaluated before and after sildenafil therapy. A strong
direct correlation between total dose of sildenafil and per-
cent change in NO metabolite concentration in plasma
was observed (ρ=0.80, P=0.01). Significant increases in
plasma and erythrocyte arginine concentrations also
occurred, without significant changes in plasma arginase
activity/concentration, NO metabolites or vascular
endothelial growth factor.  Sildenafil therapy also signifi-

cantly increased sP-selectin levels. Although there were no
statistically significant changes in other biomarkers, there
were trends that may be clinically relevant but were limit-
ed by our small sample size. In particular, a strong trend
towards decreased inflammatory cytokines was observed,
suggesting a novel role of sildenafil as an inflammatory
modulator in b-thalassemia. 
Plasma arginine levels at baseline, and after 4, 6, 8 and

12 weeks of sildenafil therapy were inversely correlated
with alanine aminotransferase concentration (ρ=-0.40,
P=0.02), and baseline Borg Dyspnea Score (ρ=-0.37,
P=0.03). Arginase concentration was inversely correlated
with hemoglobin levels (ρ=-0.41, P=0.01), and directly
correlated with alanine aminotransferase (ρ=0.40,
P=0.004), aspartate aminotransferase (ρ=0.38, P=0.04) lev-
els, and left ventricular end systolic (ρ=0.77, P=0.001) and
diastolic (ρ=0.79, P=0.001) volumes, an association that
was maintained when indexed to body surface area
(ρ=0.75, P=0.001 for both). Variables before and after
sildenafil therapy in TM versus TI patients are summarized
in Online Supplementary Table S1; although limited by the
small sample size, they provide preliminary mechanistic
insight into differences between these thalassemia syn-

Table 3. Effect of sildenafil on clinical and laboratory variables at baseline vs.
week 12, mean (SD).
Variables Before After P

sildenafil sildenafil value
N=10* N=9** 

6MWT and dyspnea
6MWT (m) 500.7 (99.4) 516.5 (102.3) 0.97
Borg Dyspnea Score before walk 1.3 (1.8) 0.4 (0.7) 0.10
Borg Dyspnea Score after walk 2.3 (1.6) 1.7 (1.3) 0.24
Blood pressure and pulse
Systolic blood pressure (mm Hg) 104.8 (9.2) 108.8 (13.2) 0.28
Diastolic blood pressure (mm Hg) 63.3 (5.6) 64.9 (8.9) 0.42
Heart rate (per minute) 81.4 (8.6) 86.6 (13.5) 0.24
Pulse pressure (mm Hg) 41.5 (9.2) 43.9 (12.6) 0.66
Echocardiographic parameters
Local TRV (m/s) 3.2 (0.8) - -
Central TRV (m/s) 3.0 (0.7) 2.6 (0.5) 0.04
Left ventricular ejection fraction (%) 66.0 (2.3) 67.1 (1.4) 0.11
Right atrial size (cm2) 17.6 (3.5) 18.4 (3.2) 0.74
Left atrial volume (mL) 56.1 (17.4) 52.5 (19.5) 0.06
Left ventricular end systolic volume (mL) 30.7 (10.2) 27.9 (10.9) 0.005
Left ventricular end diastolic volume (mL) 90.2 (28.2) 84.6 (31.9) 0.02
Left ventricular mass (g) 131.4 (27.9) 139.0 (41.4) 0.54
Left ventricular septal wall thickness 0.9 (0.1) 0.9 (0.1) 0.50
Left ventricular posterior wall thickness 0.8 (0.1) 0.8 (0.1) 0.50
Left ventricular mean wall thickness 0.8 (0.1) 0.9 (0.1) 0.98
Cardiac index (L/min/m2) 2.9 (1.0) 2.9 (1.3) 0.77
Arterial compliance 1.2 (0.4) 1.4 (0.5) 0.10
Echo parameters indexed to body surface area
Right atrial size(cm2/m2) 10.6 (1.9) 10.8 (2.0) 0.70
Left atrial volume (mL/m2) 33.8 (10.5) 31.1 (11.6) 0.04
Left ventricular end systolic volume (mL/m2) 18.3 (5.2) 16.5 (6.3) 0.005
Left ventricular end diastolic volume (mL/m2) 54.0 (15.1) 49.9 (18.3) 0.02

Clinical laboratory analyses 
While blood cell count (109/L) 13.6 (5.4) 15.0 (7.9) 0.55
Platelet count (109/L) 517.8 (247.7) 524.8 (287.7) 0.48
Hemoglobin (g/dL) 10.4 (2.1) 10.1 (2.2) 0.64
Hematocrit (%) 32.0 (6.0) 31.7 (6.4) 0.94
Ferritin (ng/mL) 1871 (1749) 1822 (1198) 0.79
Bilirubin (mg/dL) 2.1 (1.0) 2.1 (0.9) 0.56
Alanine aminotransferase (U/L) 36.8 (35.7) 30.0 (20.8) 0.55
Aspartate aminotransferase (U/L) 54.0 (38.1) 37.3 (23.2) 0.69
Creatinine (mg/dL) 0.8 (0.3) 0.8 (0.3) 0.12
BNP (pg/mL) (normal:0-100 pg/mL) 53.9 (58.1) 53.0 (92.1) 0.25
Coagulation
PAI-1 activity (IU/mL) 8.3 (4.5) 7.5 (4.4) 0.97
PF1.2 MONO (pmol/L) 888.2 (1529) 810.9 (1552) 0.68
TAT complex (ng/mL) 95.4 (203) 102.5 (207.9) 0.80
Tissue factor (pg/mL)) 319.7 (123.4) 294.7 (135.8) 0.32

Inflammation
Interferon-gamma (pg/mL) 56.2 (60.7) 22.1 (8.5) 0.08
Interleukin-13 (pg/mL) 11.8 (3.1) 8.8 (4.3) 0.06
Interleukin-1b (pg/mL) 16.7 (15.0) 8.5 (2.8) 0.09
Interleukin-10 (pg/mL) 20.5 (15.4) 12.2 (2.5) 0.07
Interleukin-12p70 (pg/mL) 24.8 (24.3) 12.1 (3.0) 0.16
Interleukin-2 (pg/mL) 44.0 (38.9) 22.8 (8.6) 0.06
Interleukin-4 (pg/mL) 26.5 (27.7) 11.8 (4.2) 0.06
Interleukin-5 (pg/mL) 8.9 (4.7) 6.0 (0.8) 0.07
Interleukin-6 (pg/mL) 17.9 (15.5) 18.9 (23.4) 0.75
Interleukin-8 (pg/mL) 20.5 (8.9) 14.8 (2.4) 0.07
Tumor necrosis factor-α (pg/mL) 32.3 (33.8) 13.8 (4.3) 0.10
Interferon-α 111.2 (195.6) 130.6 (196.3) 0.09
Interleukin-18 (pg/mL) 664.7 (312.2) 590.4 (311.8) 0.52
Hemolysis/arginine – nitric oxide pathway 
Lactate dehydrogenase (IU/L) 200.6 (71.3) 264.7 (157.8) 0.33
Cell free hemoglobin (mg/mL) 182.3 (114.6) 122.7 (64.9) 0.18
Arginine (plasma) 56.0 (24.5) 84.2 (34.8) 0.05
Arginine (erythrocytes) 4.8 (3.4) 7.9 (2.9) 0.02
Arginase concentration (ng/mL) 48.7 (61.3) 36.4 (46.4) 0.97
Arginase activity (U/L) 5.5 (5.3) 6.4 (7.0) 0.96
Plasma arginine/ornithine 1.9 (1.1) 2.8 (2.8) 0.35
Plasma arginine/(ornithine+citrulline) 1.3 (0.7) 1.5 (0.9) 0.37
Serum NOx concentration (mM) 43.6 (18.9) 56.3 (31.5) 0.11
VEGF (pg/mL) 979 (854.1) 884.3 (599.0) 0.55
Adhesion
L-selectin concentration (ng/mL) 1530 (1989) 1221 (1731) 0.24
PECAM (ng/mL) 201.1 (76.9) 287.8 (198.0) 0.18
sICAM-3 (ng/mL) 193.7 (76.6) 210.1 (63.4) 0.58
sE-selectin (ng/mL) 169.5 (120.6) 196.0 (176.2) 0.51
sICAM-1 (ng/mL) 435.5 (160.4) 457.4 (207.9) 0.67
sP-selectin (ng/mL) 320.8 (124.0) 441.1 (170.1) 0.04
sVCAM-1 (ng/mL) 1084 (1085) 1359 (1185) 0.20

* N=6 for AST; N=8 for bilirubin; N=9 for lactate dehydrogenase, VEGF; ** N=7 for right atrial size;
N=8 for 6MWT, Borg Dyspnea Score before walk, Borg Dyspnea Score after walk, left atrial volume,
bilirubin, AST.  6MWT: 6-minute walk test; TRV: tricuspid regurgitant jet velocity; ALT: alanine amino-
transferase; AST: aspartate aminotransferase; BNP: brain natriuretic peptide; PAI-1: plasminogen
activator inhibitor-1; PF1.2 MONO: prothrombin fragment 1.2, monoclonal; TAT: thrombin-anti-
thrombin; NOx: nitric oxide metabolites; VEGF: vascular endothelial growth factor; PECAM: platelet
endothelial cell adhesion molecule;  sICAM: soluble intercellular adhesion molecule; sVCAM: sol-
uble vascular cell adhesion molecule. continued in the next column

continued from the previous column
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dromes. Of note, TI patients had significantly higher
arginase concentration and activity compared to TM
patients, consistent with an increased hemolytic rate,
which can affect arginine bioavailability, in TI patients.

Adverse events
Table 4 lists the adverse events that occurred in the

patients. Transient headaches and visual/color distur-
bances were anticipated minor reactions that were com-
monly reported and typically responded to dose reduction
and/or acetaminophen. One patient withdrew from the
study because of dyspnea and headache. In total, 24
adverse events occurred in nine patients taking sildenafil.
Two of these events were classified as serious: dyspnea –
possibly related, and visual changes – definitely related to
the study drug. Although visual changes involving color
perception are common and not typically considered a
serious adverse event, since the affected patient required
blue-black discrimination in order to perform his occupa-
tion, in his case the adverse event was classified as serious.
Dose reductions to alleviate minor adverse events were
common. Only three patients tolerated 100 mg tid, and
two patients required a dose reduction to 25 mg tid. The
majority of patients did well on 50 mg tid.

Variability of tricuspid regurgitant velocity determined
by Doppler echocardiography
Variability in routine reporting practices of a measurable

TRV and in the reported TRV measurements between the
local sites and Core Laboratory was observed (Table 5).
The concordance correlation coefficient for three baseline
TRV measurements (local site interpretation compared to
Core Laboratory and NHLBI echocardiography laborato-
ry) was 0.94, which was in excellent agreement. The con-
cordance correlation coefficient indicates the agreement
between measurements, to evaluate reproducibility or for
inter-rater reliability. Although inter-rater reliability was
excellent, the average deviation among the readers was
0.2 m/s, sufficient enough to affect patients’ eligibility for
this study.  In addition, 7/14 patients identified by local
sites as having a TRV >2.5 m/s, suggesting an increased
risk of PH, initially had an undocumented TRV by the
Core Laboratory. When the echocardiographic tapes were
reviewed by a senior cardiologist at the Core Laboratory,

a TRV was measurable in all cases. Upon re-reading, only
2/7 (28.6%) of these TRV values were ultimately read as
<2.6 m/s, while five unrecorded TRV measurements
(71.4%) were moderately to severely elevated (mean
TRV=2.76±0.18 m/s, maximum 3.0 m/s) illustrating that
an undocumented TRV is uninterpretable, and cannot be
assumed to be either normal or abnormal.3

Discussion

We found that patients with b-thalassemia at risk of PH
had a greater than 13% reduction in TRV after 12 weeks
of sildenafil therapy, significant decreases in left ventricu-
lar end systolic and diastolic volumes, a trend towards an
improvement in DLCO on pulmonary function testing,
improved arginine bioavailability and a trend towards an
improved NYHA functional class and Borg Dyspnea
Score. A more dramatic reduction in TRV of 25.7% was
observed in the group of patients with TM, who appeared
to be better responders to sildenafil than our TI cohort.
Given that the mean TRV in TM patients was 3.2 m/s
compared to 2.8 m/s for TI, it is likely that a greater per-
centage of TM patients enrolled in this trial had PH.37,38
Sildenafil has been shown to reduce pulmonary vascular
resistance and improve functional capacity in pulmonary
arterial hypertension.31,39 Recent studies provide evidence
that sildenafil (50 mg tid) can also improve left ventricular
diastolic function,40 which would tend to lower TRV by
decreasing post-capillary pulmonary pressures. The reduc-
tion in left ventricular dimensions could be associated
with improved diastolic function, or decreased systemic
afterload. However without cardiac catheterization data,
this is only speculative. This is also the first report of an
influence of sildenafil on the diffusion capacity of the
lungs in patients with thalassemia. Although not statisti-
cally significant when corrected for hemoglobin, probably
because of the small sample size, a clinically relevant trend
persisted. The DLCO reflects the ability of carbon monox-
ide, as a surrogate for oxygen, to diffuse across the alveo-
lar-capillary membrane. Fixed deficits in DLCO are
observed in parenchymal lung disorders that disrupt the
alveolar capillary membrane, but in some cases, reversible
changes may be observed in left heart failure and early
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Table 4. Patients with adverse events and dose reductions.
Patient N. of AE Event summary Dose Reduction Final Dose

1 8 1) Fatigue, 2) Photophobia, 3) Headache, 4) Eye disorder (SAE), Yes 50 mg*
5) Eye disorder, 6) Hemoglobin decreased, 7) Eye disorder, 8) limb edema 

2 5 1) Headache, 2) Dyspnea (SAE), 3) Headache, 4) Dizziness, 5) Dyspnea Yes 0 mg**
3 4 1) Headache, 2) Back pain, 3) Pain-other: sciatic pain of left leg with associated back pain, Yes 25 mg

4) INR increased
4 2 1) Dyspepsia, 2) Phlebitis No 100 mg
5 1 1) Blurred vision Yes 100 mg
6 1 1) Eye disorder Yes 50 mg
7 1 1) Limb edema No 100 mg
8 1 1) Ocular/visual - other(shining outline on objects) Yes 50 mg
9 1 1) Headache Yes 25 mg
10 0 --- None No 100 mg
AE: adverse event; SAE: serious adverse event; INR: International Normalized Ratio.* Final tolerated dose was 50 mg in the morning and afternoon;100 mg at bedtime; **
patient withdrew from study due to dyspnea and headache.



pulmonary vascular disease. Past studies have shown no
acute effect of sildenafil on DLCO during exposure to
acute hypoxia at rest and with exercise in healthy
subjects,41 but improved DLCO in patients with chronic
heart failure.42 Increased DLCO may reflect improved pul-
monary artery pressures (as estimated by TRV), although
an effect of anemia is also likely. 
No significant change in 6MWD was noted with silde-

nafil therapy and no correlation between 6MWD and TRV
or NYHA functional class was found. The most likely rea-
son for this was the very high baseline 6MWD values.
Typically, medication treatment trials for PH enroll
patients with baseline 6MWD between 150-450 meters,39
whereas eight of ten patients enrolled in this study walked
longer distances in the 6MWT. All of these patients had
NYHA class I or II suggestive of, at most,  mild exercise
intolerance. Other factors, such as anemia, musculoskele-
tal pain, and even motivation, can also increase variance in
6MWD estimates in the near-normal range. It is not, there-
fore, surprising that an improvement in this clinical end-
point was not observed. A strong correlation of 6MWD
with DLCO and with FEV1/FVC percent predicted may
also indicate a pulmonary contribution to 6MWD in this
cohort as an additional confounding factor.
Sildenafil was not effective in increasing 6MWD in

another recent trial in patients with sickle cell disease and
echocardiographically defined risk of PH.43 This study, by
Machado and colleagues, was prematurely closed because
of increased adverse events in the treatment arm com-
pared to the placebo arm: these adverse events were main-
ly hospitalizations for pain, a vaso-occlusive complication
unique to sickle cell disease which should not affect
patients with thalassemia.
Our study was limited by the lack of hemodynamic data

obtained by right heart catheterization. When this pilot
study was originally designed, right heart catheterization
was rarely performed in thalassemia patients and the con-
troversy around TRV and PH in sickle cell disease had not
yet emerged.37,38,44-46 There are insufficient data to support a
similar controversy in thalassemia, however not all
patients with an elevated TRV will be found to have PH
by right heart catheterization in any disease state. Given
the paucity of invasive hemodynamic data in the tha-
lassemia syndromes, this case series was designed as a
"proof of concept" pilot study evaluating safety and effica-
cy of sildenafil in order to justify a larger trial, and to eval-
uate potential clinical endpoints, since “normal” 6MWD in
patients with thalassemia is unknown. Although our data
must be viewed as preliminary, they are derived from the
largest intervention study to date in thalassemia patients
at risk of PH. However future studies of PH in thalassemia
should include right heart catheterization. TRV is used as
a screening tool in the clinical management of PH, with
right heart catheterization generally being reserved for the
diagnosis of patients with a TRV ≥3.0 m/s. Such a strict
criterion would have crippled the statistical power of both
the primary and secondary endpoints. Furthermore, inves-
tigators were skeptical that patients could be recruited into
the trial if it required this invasive procedure. Although an
excellent screening tool, echocardiographic TRV measure-
ments are subject to inter-observer variability,47 as con-
firmed by our data in Table 5. Some of the discrepancy
arises from differences in ultrasound image acquisition
and analysis. The 95% limits of inter-observer agreement
in this study were ± 0.45 m/s, which clearly affects the

identification and classification of patients with values
close to the 2.5 m/s cutoff. Since nine of 14 patients were
within the limits of agreement of the defined upper limit
of normal, we cannot exclude a contribution of regression
toward the mean with the observed improvement in TRV.
However, the parallel changes in DLCO, left heart param-
eters, arginine bioavailability and a dose-dependent
increase in NO metabolites provide reassurance that the
TRV improvement was real.  
Better biomarkers for identifying patients at risk of PH

and early mortality are desirable, particularly given the
limitations of both TRV3 and 6MWD.48 Although
unchanged by sildenafil, arginase levels were elevated, as
in other studies,15,18,20 particularly in TI patients, and corre-
lated with the severity of anemia, aspartate and alanine
aminotransferase levels and left ventricular end
systolic/diastolic volumes. In addition to hemolysis,15,17,19
the contribution of excess plasma arginase concentration
from liver disease/hepatitis, inflammation and hypoxemia
may also influence PH risk in thalassemia, although the
major source of arginase is likely different in TI patients
from that in TM patients. Whether inflammatory or
hemolytic in origin, arginase will redirect the metabolism
of arginine away from NO down a proliferative path
involving ornithine metabolism, potentially contributing
to the smooth muscle cell hyperplasia and collagen syn-
thesis observed in PH. 
This is the first description of increased plasma and ery-

throcyte arginine concentrations after sildenafil therapy.
The etiology of this effect is unknown; however, since
adenosine cyclic monophosphate (cAMP) is an inducer of
arginase,49,50 we speculate that cross-talk between cGMP
and cAMP may have an unexplored impact on arginine
bioavailability. An effect of sildenafil on renal de novo syn-
thesis of arginine from citrulline is also plausible since
arginase activity and concentration were unchanged.
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Table 5. Variability of TRV measurements between local sites and cen-
tral echocardiography core laboratory.

Baseline TRV on Doppler Echo By Site
Patient Age, Local Site Core Laboratory NHLBI 

year/Sex (Brigham)

1 53/Male 3.7 3.2 3.5
2* 43/Female 2.8 2.7 2.6
3 28/Male 5.3 4.9 5.0
4* 24/Male 3.2 2.9 2.8
5* 51/Male 3.0 3.0 2.8
6 28/Male 2.7 2.6 2.6
7* 33/Male 2.7 2.6 2.5
8 49/Female 2.7 2.6 2.6
9 19/Male 2.7 2.7 2.6
10 46/Male 3.4 2.9 2.7
11* 25/Male** 2.7 2.6 2.3
12* 42/Male** 2.9 2.4 Unmeasurable
13* 29/Male** 2.7 2.5 Unmeasurable
14 28/Male** 2.7 2.5 2.4

3.08±0.71 2.86±0.62 2.87± .73

*TRV not documented by automated review of echocardiography at the Core
Laboratory Echocardiography Laboratory; **Patients excluded due to TRV variability
and Core Laboratory TRV ≤2.5 m/s suggesting low risk of PH.



Given the association of arginine bioavailability with
long-term survival in cardiovascular disease,19,51,52 this is an
unexpected effect of sildenafil that warrants further inves-
tigation, together with the strong trend toward decreased
inflammatory cytokines observed in this small cohort.
Sildenafil therapy also significantly increased sP-selectin.
Since sildenafil has been associated with reduced platelet
activation and improved endothelial function via its
effects on NO metabolism in sickle cell disease,30 this par-
adoxical observation will require further study in patients
with thalassemia.
The etiology of PH in thalassemia is multifactorial,

involving a complex interaction of platelets, the coagula-
tion system, erythrocytes and endothelial cells along with
inflammatory and vascular mediators. Although overlap in
mechanisms contributing to vasculopathy and PH is
expected in all forms of thalassemia, the pathophysiology
of PH is fundamentally different in patients with TI from
that in patients with TM. Combining patients with these
different phenotypes in a single cohort is not, therefore,
ideal and is another limitation of this study. However,
although the initial injury leading to PH in different dis-
ease states may vary, the disease states often share a com-
mon pathway of vascular remodeling that results in a sim-
ilar clinical and histopathological condition. Hemolysis is
likely a driving force towards PH in non-transfused TI
patients, while the consequences of iron overload and
oxidative stress play a more significant role in TM patients
on chronic transfusion therapy. However even in TI, iron
overload may contribute to the risk of PH.53 The long-term
sequelae of splenectomy, red cell membrane pathology,
coagulation abnormalities, low NO bioavailability, excess
arginase activity, platelet activation, oxidative stress, iron
overload, and chronic hemolysis will simultaneously con-
tribute, to various degrees.3,4,10,13,16,17 This study provides
preliminary mechanistic insights into differences between
thalassemia phenotypes, summarized in Online
Supplementary Table S1, and may serve as a catalyst for
more detailed future investigations.
Sildenafil appears to be safe in this population, with a

safety profile that is similar to that reported in other con-
ditions associated with PH. Transient headaches and visu-
al changes were common, often improving over time
and/or with acetaminophen or dose reduction. Studies
have demonstrated a dose-dependent impact of sildenafil
on hemodynamic responses in both adults and children
despite no dose-dependent difference in 6MWD improve-
ment.39 With this in mind, high-dose sildenafil was chosen
in order to maximize potential hemodynamic benefits and
NO bioavailability in a hemolytic state commonly associ-
ated with NO consumption,15,18-20 and enhance potential
platelet anti-aggregatory activity of NO,30 a desirable effect
given the hypercoagulable state common to thalassemia
syndromes.13,54 Our preliminary observations suggest that
50 mg tid is a more suitable dose in thalassemia, balancing
undesirable dose-dependent adverse events such as
headache with the potential to influence hemodynamic
responses and NO bioavailability.
Patients with b-thalassemia should undergo routine

echocardiographic screening to identify the risk of PH.
Recommendations for the treatment of PH include inten-
sification of thalassemia-directed therapies (particularly
transfusion therapy and adequate chelation), treatment of
causal factors or associated diseases (including throm-
boembolic disease and night-time hypoxemia), general

supportive measures, and use of PH-specific pharmacolog-
ical agents in patients with a diagnosis of PH confirmed by
right heart catheterization if treatment of the underlying
cause does not resolve the issue.55 Patients with an
echocardiographically determined abnormally high TRV
suggestive of PH, particularly those with a TRV ≥3.0 m/s,
should be referred to a cardiopulmonary specialist with
expertise in the evaluation and treatment of PH in hemo-
globinopathies if corrective measures fail. Specific therapy
with selective pulmonary vasodilator and remodeling
drugs should be considered in patients with right heart
catheterization-proven PH. Here we present the largest
study to date demonstrating the safety and efficacy of
sildenafil in patients with thalassemia and an increased
risk of PH. Larger studies evaluating the impact of silde-
nafil on PH and risk of congestive heart failure are war-
ranted.
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