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This year marks the 100th year since sickle cell disease
(SCD) was first described in Western medical literature
by Dr. James B. Herrick, a Chicago physician who pub-

lished his observations of the irregular shape of a patient’s red
blood cells in November 1910.1 The myriad clinical features of
this hemolytic anemia result from a deceptively simple amino
acid substitution of valine for glutamic acid in the sixth posi-
tion of the β-subunits of hemoglobin. The result is intracellu-
lar polymerization under conditions of hypoxia and dehydra-
tion, which triggers the characteristic sickle-shaped erythro-
cytes that Dr. Herrick first depicted. Since this seminal discov-
ery, we have learnt that SCD is as much a disease of endothe-
lial dysfunction as it is a hemoglobinopathy that triggers ery-
throcyte polymerization. Oxidative stress, chronic endothe-
lial damage, and hemolysis initiate a cascade of events that
result in episodic vaso-occlusion, subsequent ischemia-reper-
fusion injury, and inflammation.2,3 The clinical phenotype of
SCD varies widely, influenced by additional genetic factors,
and is characterized by anemia, severe pain and potentially
life-threatening complications such as bacterial sepsis, splenic
sequestration, acute chest syndrome (pneumonia), stroke and
chronic organ damage. These and other manifestations result
from chronic hemolysis and intermittent episodes of vascular
occlusion that cause both acute and chronic tissue injury and
organ dysfunction.2,3 Two articles in this issue of
Haematologica explore unique mechanisms leading to organ
damage and clinical sequelae in both the transgenic mouse
model for SCD (SAD mice)4 and in children with SCD,5 exem-
plifying the advancements in our knowledge achieved over
the last 100 years.

Clinical sub-phenotypes of sickle cell disease associated
with hemolytic rate
The single sickle mutation is not sufficient to explain the

heterogeneity of the disease phenotype that is observed clin-
ically. Two sub-phenotypes of SCD have recently emerged as
associated with hemolytic rate: a sub-phenotype of “viscosity
- vaso-occlusion” which involves erythrocyte sickling compli-
cations such as pain crisis, acute chest syndrome  and
osteonecrosis, and a second sub-phenotype of “hemolysis -
endothelial dysfunction”, a proliferative vasculopathy that
involves pulmonary hypertension, priapism, leg ulcers, sud-
den death, stroke (Figure 1)6,7 and, possibly, asthma.3,8

Although some overlap between the sub-phenotypes is
expected, clinical profiling to differentiate symptoms more
typical for an individual patient with SCD is an innovative
approach that may help direct personalized therapies for a
specific sub-phenotype by targeting the predominant  mech-
anism in this multifactorial disorder.

Mechanisms of vasculopathy
Many mechanisms contribute to the complex pathophysi-

ology of SCD, with dysfunction of the vascular endothelium
being a unifying theme (Figure 2).3 Impaired nitric oxide (NO)
bioavailability represents the central feature of endothelial
dysfunction, and is a common denominator in the pathogen-
esis of vasculopathy in SCD.6,7 NO is a critical endogenous
vasodilator synthesized by endothelial cells from its obligate
substrate L-arginine, which is converted to citrulline by a fam-
ily of enzymes, the NO synthases. The consequences of
decreased NO bioavailability include endothelial cell activa-
tion, up-regulation of the potent vasoconstrictor endothelin-
1, vasoconstriction, platelet activation, increased tissue factor,
and activation of coagulation, all of which ultimately translate
into the clinical manifestations of SCD (Figure 3).3 The
process of hemolysis disrupts the arginine-NO pathway from
every angle.3,9-11 Under normal conditions, hemoglobin is safe-
ly packaged within the erythrocyte plasma membrane; how-
ever, during hemolysis it is decompartmentalized and
released into plasma where it rapidly reacts with and destroys
NO.12 This results in abnormally high NO consumption and

Figure 1. The spectrum of sickle cell sub-phenotypes affected by
hemolytic rate. The viscosity - vaso-occlusion sub-phenotype is associ-
ated with a lower hemolytic rate, marked by a higher hemoglobin level,
and low plasma hemoglobin, lactate dehydrogenase (LDH), bilirubin
and arginase levels. Patients with these features have a higher inci-
dence of vaso-occlusive pain crises, acute chest syndrome, and
osteonecrosis. In contrast, patients with the hemolysis - endothelial
dysfunction subphenotype exhibit markers of high hemolytic rate,
including low hemoglobin level, high plasma hemoglobin, LDH, biliru-
bin, and arginase, culminating in low nitric oxide bioavailability and
high prevalence of pulmonary hypertension, leg ulceration, priapism,
and stroke.  Co-inheritance of α-thalassemia trait with sickle cell dis-
ease reduces the hemolytic rate, minimizes the risk of hemolysis-asso-
ciated complications and increases the risk of viscosity-related compli-
cations.  Adapted with permission.6



the formation of reactive oxygen species, ultimately
inhibiting vasodilatation. The simultaneous release of ery-
throcyte arginase during hemolysis11 will limit the avail-
ability of arginine to NO synthase, contributing to a defi-
ciency of NO. Arginase will redirect the metabolism of
arginine away from NO to ornithine and the formation of
polyamines and proline, which are essential for smooth
muscle cell growth and collagen synthesis. By creating a
shift towards ornithine metabolism, arginase likely con-
tributes to the proliferative vasculopathy common to
hemolytic disorders,3,11,13 pulmonary hypertension and car-
diovascular disease.14 Levels of asymmetric dimethylargi-
nine (an arginine analog) are elevated in SCD, associated
with hemolysis, pulmonary hypertension and mortality,15

and will also affect global arginine bioavailability.3 Low
arginine bioavailability may further compromise NO gen-
eration due to NO synthase uncoupling.9,16 Since we first
reported an association of low global arginine bioavailabil-
ity with mortality in SCD,11 low arginine bioavailability

has subsequently been linked to mortality risk in both
malaria17 and cardiovascular disease in general,14 and rep-
resents a novel biomarker of vasculopathy independent of
genotype. Intravascular hemolysis also has the potential to
drive a pro-coagulant state, as NO has the properties of
inhibiting platelet activation, tissue factor expression and
thrombin generation.10 While studying the transgenic
mouse model for SCD exposed to ischemia/reperfusion
stress, Siciliano et al. elucidated additional mechanisms
that disrupt NO homeostasis.4 Their results, published in
this month’s issue of Haematologica, show that the sickle
cell hepatopathy in SAD mice is associated with an imbal-
ance of endothelial/inducible NO synthase and lack of
heme oxygenase-1/biliverdin reductase cytoprotection. In
addition, up-regulation of phosphodiesterase-4 genes is
noted in hepatocytes in response to ischemia/reperfusion
stress. Phosphodiesterase-4 is the major cyclic adenosine
monophosphate-metabolizing enzyme found in inflam-
matory and immune cells. Inhibition of phosphodi-
esterase-4 by rolipram attenuated ischemia/reperfusion-
related vasculopathy and inflammation, while inducing
the heme oxygenase-1/biliverdin reductase cytoprotective
systems, leading to improved hepatocellular survival.4 The
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Figure 2. Mechanisms of vasculopathy.  Hemolysis, arginine dysreg-
ulation, oxidative stress and uncoupled nitric oxide synthase (NOS)
are key mechanisms that contribute to the complex vascular patho-
physiology of sickle cell disease (SCD).  These events limit nitric
oxide (NO) bioavailability through several paths that ultimately pro-
voke increased consumption and decreased production of the potent
vasodilator, NO. Although often discussed independently, there is sig-
nificant overlap closely linking these pathways of endothelial dys-
function which prohibit determination of cause and effect. The con-
tribution of inflammation coupled with antioxidant, glutathione and
apolipoprotein A-1 (Apo A) depletion, ischemia-reperfusion injury,
and acute as well as chronic end-organ damage obscure mechanis-
tic boundaries further.  During hemolysis, cell-free hemoglobin and
arginase are simultaneously released from the erythrocyte and pro-
foundly contribute to low NO bioavailability. Lactate dehydrogenase
(LDH) is also released from the erythrocyte and represents a conven-
ient biomarker of hemolysis that delineates the subphenotypes of
sickle cell disease. Reproduced with permission from the American
Society of Hematology.3

Figure 3. Consequences of low nitric oxide bioavailability.  The con-
sequences of decreased nitric oxide (NO) bioavailability include
endothelial cell activation, up-regulation of the potent vasoconstric-
tor endothelin-1, vasoconstriction, platelet activation, increased tis-
sue factor and activation of coagulation pathways, all of which ulti-
mately translate into the clinical manifestations of sickle cell dis-
ease. NO bioavailability is particularly vulnerable to the effects of
hemolysis, an event in sickle cell disease that contributes to the
development of the hemolytic sub-phenotypes which include pul-
monary hypertension, priapism, cutaneous leg ulceration, stroke
and, possibly, asthma. Reproduced with permission from the
American Society of Hematology.3



complexity of these mechanisms likely contributes to the
varied clinical spectrum of SCD; targeting these pathways
may translate into new therapeutic strategies.

Biomarkers of hemolytic rate
The intensity of hemolysis can be estimated as part of a

vascular risk assessment simply by evaluating tertiles or
quartiles of plasma lactate dehydrogenase values, as this
enzyme is released from erythrocytes along with free
hemoglobin and arginase18 and represents a convenient
biomarker of intravascular hemolysis that is associated
with elevated tricuspid regurgitant jet velocity (TRV), mor-
tality and the hemolytic sub-phenotype of SCD in adults.6

The hemolytic “index” recently described by Minniti et al.
is another novel indicator, determined by a principal com-
ponent analysis of the levels of reticulocyte count, aspar-
tate aminotransferase and bilirubin in addition to lactate
dehydrogenase.19

Pulmonary hypertension in adults with sickle cell disease
Although the mechanisms that contribute to the devel-

opment of pulmonary hypertension in SCD are clearly
multifactorial, pulmonary hypertension is the best charac-
terized clinical complication of acute and chronic hemoly-
sis.7 A Doppler echocardiogram-measured TRV of 2.5
m/sec or greater, suggesting a risk of pulmonary hyperten-
sion, occurs in about one third of adults20-22 with SCD and
is currently the strongest predictor of early death, being
associated with an approximately10-fold increased risk of
early mortality,20-22 and a 40% mortality risk within 3 years
of diagnosis.22 While controversy surrounds the inclusion
of a mildly elevated TRV between 2.5-2.9 m/sec in this
definition,23,24 this value is approximately two standard
deviations greater than normal while a TRV of 3.0 m/s or
more is three standard deviations above the mean. A TRV
of 2.5 m/sec or greater is also associated with a high risk
of death in other conditions, such as congestive heart fail-
ure.25 This association between increased TRV and mortal-
ity in SCD is significant, and has been confirmed in multi-
ple studies,20,21,26-28 although it remains to be determined
whether this measurement and, its association with mor-
tality, reflects true pulmonary hypertension per se, or is a
biomarker of disease severity and systemic vasculopathy
in SCD. Right heart catheterization studies suggested that
6-11% of adults with SCD have pulmonary hypertension
defined by a mean pulmonary artery pressure greater than
or equal to 25 mmHg.7,29 Approximately half of these cases
are pulmonary artery hypertension, and half are pul-
monary venous hypertension.7

Doppler-defined pulmonary hypertension in children
with sickle cell disease
The meaning of an elevated TRV is even more obscure

in the pediatric population with SCD and is the topic of
active research. Early retrospective reports on the preva-
lence of an elevated TRV in children with SCD were sim-
ilar to adults.28,30-33 The Pulmonary Hypertension and the
Hypoxic Response in Sickle Cell Disease (PUSH) study is
currently being conducted to evaluate this population
prospectively; an interim analysis of the first 399 SCD
patients between the ages of 3 and 20 enrolled suggests a
slightly lower prevalence (22%) of TRV elevation above

2.5m/sec.19,34,35 However, based on the mean TRV plus two
standard deviations in age- and gender-matched control
children, the PUSH study has defined an elevated TRV in
children as 2.6 m/sec or above. Using this definition, the
prevalence of an elevated TRV is actually 11% in the
PUSH study.19 More recently, a study focused on younger,
primarily African children (mean age 6.2 years) found a
21.6% prevalence of a TRV of 2.5 m/sec or greater which
was associated with a history of acute chest syndrome.
Children as young as 3 years old were found to have a
TRV of 2.5 m/s or greater. Longitudinal follow-up of eight
patients within this cohort revealed persistent and often
increasing elevations in TRV suggesting that, even in early
childhood, an abnormal echocardiogram can be a useful
indicator of a higher risk population.36 A correlation with
right heart catheterization data, the gold standard diagnos-
tic test for pulmonary hypertension, is not available for
children, apart from in case reports.37 However, the PUSH
study demonstrates that an elevated TRV in children is
associated with increased hemolytic rate, and oxygen
desaturation during a 6-minute walk test.19 Despite a dif-
ferent clinical phenotype described in children with
Doppler-defined pulmonary hypertension compared to
adults,28 it appears that an elevated TRV may identify chil-
dren at risk of cardiopulmonary dysfunction.

Mortality: an imperfect outcome measure for children  
Although the mortality risk associated with an elevated

TRV has been clearly established in adults, the clinical sig-
nificance of an elevated TRV in children remains unclear.
However, no deaths occurred in 15 out of 61 children
screened with a TRV of 2.5 m/sec or greater compared to
18 deaths in 81 adults with pulmonary hypertension from
a SCD cohort followed over an 8-year period post-
echocardiography.28 Recently, data from a prospective
study that included 88 children also found no mortality
after 3 years of follow-up in 18 subjects with a TRV of 2.5
m/sec or greater.38

These preliminary studies suggest that short-term mor-
tality risk of SCD patients with an elevated TRV may not
be as great in children as it is in adults;28,38 however, these
children may still be at greater risk of complications in
young adulthood and warrant close observation. In addi-
tion, more ideal clinical outcome measures for children
with SCD are needed. While mortality is an important
end-point in adult patients, it may not be the most appro-
priate outcome for the pediatric population, and should
not be considered as the only outcome measure of value
for SCD. Quality of life and both short-term and long-
term risk of developing other complications of SCD asso-
ciated with the hemolytic sub-phenotype6 should also be
weighed into the equation of considering the clinical
importance of an elevated TRV in children. Prospective
studies are needed to guide pediatric care, while biomark-
ers to gauge risk and response to interventions are needed. 
In the current issue of Haematologica, Gordeuk et al.

respond to this call, adding significantly to the pediatric lit-
erature as they report data from the largest prospective
screening and longitudinal follow-up cohort study in chil-
dren with SCD to date, evaluating Doppler echocardiogra-
phy abnormalities, exercise tolerance and clinical bio-
markers.5 The consequences of increased hemolytic rate,
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elevated TRV and left ventricular dysfunction among 160
children with hemoglobin SS (median age, 13 years; range,
3-20 years) followed for a median of 22 months (range, 9-
35 months) are described. A TRV of 2.6 m/s or greater was
identified in 14.1% of the 149 participants with a measur-
able TRV and was more common in children on chronic
transfusion therapy. Interestingly, 7.7% of children had
increased mitral valve E/Etdi (9.23 or higher), which sug-
gests elevated left ventricular filling pressure. The investi-
gators also noted a 4.4-fold risk of decreased exercise tol-
erance as depicted by a 10% or greater decline in age-stan-
dardized distance covered in the 6-minute walk test at fol-
low-up in children with Doppler-defined pulmonary
hypertension, a notable observation given the fact that
children typically increase their 6-minute walk distance
with age and height escalation. Adding to their previously
published data, Gordeuk et al. observed a significant inde-
pendent association of higher hemolytic component and
lower hemoglobin oxygen saturation with a higher TRV
both during baseline visits and at repeated observations. A
hemolytic component above the mean was associated
with a 9-fold increased risk of new onset high TRV over
time, and with increased risk of higher follow-up mitral
valve E/Etdi. Although both biomarkers were independent
predictors of newly developing high TRV, due to the low
prevalence of a high E/Etdi, the hemolytic component
emerged as the more important risk factor of these two
predictors for identifying those at risk of new onset
Doppler-defined pulmonary hypertension.5 The role of
hemolysis has become a focus of debate in SCD,23,24 how-
ever, several cross-sectional studies have identified an asso-
ciation between the degree of hemolysis and pulmonary
artery pressures in this hemoglobinopathy.7 This study
adds further support to the notion of a hemolytic sub-phe-
notype in SCD6 which includes children as well as adults. 
This work establishes that high baseline values for TRV,

mitral valve E/Etdi, and a hemolytic component above the
mean were predictive of sustained abnormalities at fol-
low-up, and that Doppler-defined pulmonary hyperten-
sion in children was associated with a decline in functional
capacity over time. This is consistent with an age-related
increase in the prevalence of Doppler-defined pulmonary
hypertension linked to a high intensity of hemolysis and
to left ventricular diastolic dysfunction in children which
parallels findings in adults. Novel biomarkers that identify
patients with greater disease severity, such as those at risk
of deteriorating exercise capacity, are important. The
hemolytic index is, therefore, a significant and novel con-
cept that is of clinical utility for both adults and children
with SCD. As in adults, it remains to be determined
whether an elevated TRV reflects severity of vasculopathy
or true pulmonary hypertension for a subgroup. However
these authors provide us with new clinical tools to per-
form a vascular risk assessment that includes TRV and
E/Etdi from Doppler echocardiographic screening, com-
bined with the utilization of a novel hemolytic index. The
unique ability of an elevated mitral valve E/Etdi ratio to
predict the risk of new acute chest syndrome episodes has
not been previously reported, but is also worth additional
exploration. Future studies to design a mathematical risk
model that utilizes a combination of these clinical and bio-
logical biomarkers would have potential synergistic value

to create a novel severity index for pediatric SCD.
The data emerging from the PUSH study and others

provide additional evidence to suggest that children with
a high TRV represent a sicker subpopulation of pediatric
SCD patients.5,19 Although a larger cohort followed longi-
tudinally over a longer period is needed to fully determine
the clinical significance of hemolysis and Doppler-defined
pulmonary hypertension in children with SCD, these chil-
dren will likely grow up to be adults with an elevated TRV
and high hemolytic rate, a group known to be at risk of
early mortality.20-22 Younger patients may be more amend-
able to reversal of pulmonary hypertension when TRV
elevations are mild and vascular remodeling is minimal,
making early identification paramount. Pioneering
research in this field is providing some valuable tools,
geared towards vascular risk assessment, which have
applications in SCD and beyond. 
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Despite the fact that iron chelation therapy has been
available for more than forty years, iron cardiomy-
opathy is the most common cause of death in

patients with transfusion dependent anemia.1,2 In the last
decade, however, such deaths have been significantly
reduced.2-5 This improvement has been attributed in part
to greater iron chelation options and the ability to recog-
nize pre-clinical cardiac iron deposition by Magnetic
Resonance Imaging studies (MRI). Patients with low car-
diac T2*, as measured by MRI, have a significant risk of
developing overt heart failure over a 12-month period if

changes to their chelation regime are not made (Figure 1).6

Surrogate markers used in the past, such as ferritin and
liver iron concentration for predicting cardiac risk, have
been shown not to be particularly predictive of the degree
of cardiac iron load (Figures 2A and B) with an r value of
less than 0.5 for both.7 This indicates how valuable MRI
measurements are. Optimal chelation therapy remains a
controversial topic. The article by Pepe et al.8 published in
this issue of the journal (MIOT Study), outlines results
from a large Italian multicenter cross-sectional analysis on
the MRI of patients who have received iron chelation ther-


