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The cardiomyopathy of sickle cell anemia (SCA) is characterized
by ventricular diastolic dysfunction that is superimposed on an
anemia-related hyperdynamic state.1-3 Diastolic dysfunction has
been recognized before and shown to portend early mortality in
SCA,4 but the underlying causes of diastolic dysfunction were
not understood.5 We recently showed that diffuse myocardial
fibrosis is a common, if not defining, feature of the cardiomyop-
athy of SCA that is strongly associated with diastolic dysfunc-
tion.6,7 Every participant with SCA (N 5 25) who underwent
cardiac magnetic resonance imaging (CMR) had marked diffuse
myocardial fibrosis.6 Three quarters were receiving hydroxyurea
at the time of their imaging,6 which had been first prescribed at
a mean age of 11.3 years (range, 4.1-25.6 years). By design,
individuals receiving chronic transfusions were excluded.

Given that fibrosis was universally present in this population and
could be severe by 6 years of age,6 we hypothesized that diffuse
myocardial fibrosis begins in early childhood and that early and
uninterrupted use of SCA-directed disease-modifying therapy
could prevent myocardial fibrosis.

We studied individuals with SCA (HbSS genotype) who had
been treated with either hydroxyurea or chronic transfusions
since early childhood (initiated , 6 years) for at least 5 years.
Interruption in either therapy for .6 months was exclusionary,
but transition from 1 therapy to the other was allowed. None of
the participants received concomitant cardiovascular medica-
tions. Patients on hydroxyurea had laboratory evidence of treat-
ment adherence. Participants were studied at 2 sites: Cincinnati
Children’s Hospital Medical Center (CCHMC) and Children’s
Hospital Los Angeles (CHLA). CCHMC participants were
enrolled in a locally institutional review board (IRB)-approved,
longitudinal study of SCA cardiomyopathy (clinicaltrials.gov
#NCT02410811) and provided informed consent. CHLA partici-
pants had CMR for standard clinical care. A waiver of informed
consent was granted by the CHLA IRB for use of de-identified
data.

Details of CMR acquisition and echocardiography are provided in
the supplemental Methods available on the Blood Web site.
Briefly, CMR was performed on 1.5-T scanners. Late gadolinium
enhancement (LGE) imaging was performed 10 minutes after
injection with gadolinium-diethylenetriamine pentaacetate (DTPA).

Extracellular volume fraction (ECV) was measured from T1 maps
before and 10 minutes after contrast injection. Normal ECV and
ECV of patients with SCA who had not received early therapy
were taken from Niss et al6 for comparison. Diastolic function was
assessed by echocardiography. Peak mitral inflow velocities at
early (E) and late filling (A), the TDI annular velocities �e and �a, and
peak tricuspid regurgitant jet velocity (TRV) were measured
according to standard techniques. We classified diastolic function
(normal, abnormal, inconclusive) according to the most recent
guidelines, modified for patients with SCA as we previously
reported (supplemental Table 1).6,8

Comparisons across groups were made by Kruskal-Wallis
analysis of variance with a Dunn’s multiple comparisons posttest;
P , .05 was considered statistically significant.

We studied 12 individuals (Table 1) with a mean age of 16.9
years (range, 7-28 years), all of whom had SCA. Mean age at
the start of hydroxyurea or chronic transfusions was 3.1 years
(range, 1.1-5.5 years). At the time of CMR, disease-modifying
therapy had been administered for a mean of 13.7 years. There
was no evidence of diffuse myocardial fibrosis in 8 of 12 individ-
uals (67%), all of whom had normal ECV values (Figure 1). Mean
ECV for all 12 early therapy patients was 0.30, which was signifi-
cantly lower than the ECV of individuals with SCA who had not
received early therapy (0.44, P 5 .002) and not different from
normal controls (0.26; P 5 .11). None had macroscopic fibrosis
by LGE imaging or myocardial hemosiderosis by T2* imaging.
We found a trend in association between N-terminal pro-brain
natriuretic peptide (NT-ProBNP) and ECV (Spearman r 5 0.64, P
5 .05), but neither hemoglobin concentration nor therapy dura-
tion was significantly associated with ECV in this small cohort.

None had diastolic dysfunction. The diastolic function of 2 was
classified as “inconclusive”: 1 had elevated ECV (0.36) and
1 had normal ECV (Table 1; supplemental Table 1). Left ventricu-
lar (LV) ejection fraction was preserved in all participants.

Here we demonstrate that the early initiation and uninterrupted
use of SCA-directed disease-modifying therapy, either chronic
transfusions or hydroxyurea, can impede or prevent the devel-
opment of diffuse myocardial fibrosis. Diffuse myocardial fibrosis
is a common, if not defining, feature of the cardiomyopathy of
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SCA.3,6 An independent group has recently confirmed our find-
ing that diffuse myocardial fibrosis is nearly universally present in
SCA.9 Our current results are compelling, although the sample
size is small, because the ECV values of patients with early
disease-modifiying therapy are remarkably lower than patients
with SCA who have not received early disease-modifying ther-
apy (Figure 1). Eight of 12 participants had normal ECV, the
4 with detectable fibrosis had lower ECV than most patients
with untreated SCA, and none had diastolic dysfunction.

Cardiopulmonary disease is now the leading cause of mortality
in SCA and presents an unmet therapeutic need.10 The cardio-
myopathy of SCA is approximated to a model of heart failure
with preserved ejection fraction (HFpEF) in which interstitial
fibrosis is a key cause of diastolic dysfunction leading to pulmo-
nary hypertension.11,12 We previously showed a strong associa-
tion between diffuse myocardial fibrosis and diastolic
dysfunction in SCA.2,6 We hypothesized that diffuse myocardial
fibrosis was at least one of the causes of diastolic dysfunction in
SCA.2,6 Here we show that participants without diffuse myocar-
dial fibrosis do not have diastolic dysfunction, supporting our
hypothesis that diffuse myocardial fibrosis underlies and likely
precedes diastolic dysfunction in SCA.

Myocardial fibrosis portends early mortality and sudden cardiac
death in other cardiomyopathies.13-15 Most prior studies of car-
diac fibrosis in SCA used LGE imaging, which detects macro-
scopic fibrosis only, and found few affected individuals.16-18 In
contrast, ECV mapping is a robust technique that detects and
quantifies microscopic myocardial fibrosis, even in areas of
normal-appearing myocardium by LGE imaging. LGE imaging
alone underestimates the true burden of myocardial fibrosis, so
the importance of diffuse myocardial fibrosis as a mechanism of
cardiac disease in SCA may have been obscured or overlooked
by these studies.

The underlying mechanism of myocardial fibrosis in SCA is
unknown; therefore, targeted therapy to prevent or reverse it in
SCA is also unknown. However, the development of diffuse
myocardial fibrosis seems to be impeded by the early (,6 years
of age) and uninterrupted use of either hydroxyurea or chronic
transfusions, at least in this small group. Patients who received
early treatment had smaller LV volume, mass, and cardiac index,

Table 1. Characteristics of patients

ID
Age at start of
therapy (y)

Age at
evaluation (y) Sex Therapy

Duration of
therapy (y) ECV* Diastolic classification

CCH01 2.3 11 Male Chronic transfusions,
hydroxyurea

8.9 0.29 No diastolic dysfunction

CCH02 2.7 17 Female Chronic transfusions 14.6 0.27 No diastolic dysfunction

CCH03 1.7 8 Male Chronic transfusions,
hydroxyurea

6.6 0.26 Inconclusive

CCH04 1.9 7 Female Chronic transfusions,
hydroxyurea

5.9 0.29 No diastolic dysfunction

CCH05 1.1 7 Male Chronic transfusions 6.5 0.34 No diastolic dysfunction

CHL01 3 28 Female Chronic transfusions 24.9 0.37 No diastolic dysfunction

CHL02 3.4 24 Female Hydroxyurea 20.9 0.28 No diastolic dysfunction

CHL03 3.2 19 Female Chronic transfusions 15.8 0.28 No diastolic dysfunction

CHL04 4.5 22 Female Hydroxyurea 17.4 0.28 No diastolic dysfunction

CHL05 5.4 21 Female Chronic transfusions 11.7 0.36 Inconclusive

CHL06 5.5 23 Female Hydroxyurea 17 0.33 No diastolic dysfunction

CHL07 2.4 16 Male Hydroxyurea 13.7 0.29 No diastolic dysfunction

*ECV for normal controls: 0.26 6 0.02; ECV for patients with untreated SCA: 0.44 6 0.08.
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Figure 1. Prevention of diffuse myocardial fibrosis in SCA with early initia-
tion of disease-modifying therapy. Patients who had early initiation and unin-
terrupted use of hydroxyurea or chronic transfusions had significantly less
myocardial fibrosis than patients with no early therapy. Mean ECV was 0.30,
which was significantly lower than the ECV of individuals with SCA who have not
received early uninterrupted therapy (0.44, P 5 .002) and not different from
normal controls (0.26 6 0.02; P 5 .11).
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indicating an amelioration of the hyperdynamic state of SCA,
although this was not statistically significant (supplemental Table
2). It is unclear whether favorable hemodynamic effects directly
limits fibrosis and diastolic dysfunction or there are other protec-
tive effects of disease-modifying therapy, such as decreased
profibrotic signaling. Limiting myocardial fibrosis of any proxi-
mate cause could reduce the burden of cardiac disease in adults
with SCA, including the poorly understood complications of dys-
rhythmia and sudden death. Ongoing follow-up of these
patients with serial CMR studies to document longitudinal
changes in myocardial fibrosis and myocardial mass, cardiac bio-
markers, and ambulatory electrocardiography are key. Likewise,
study of many more such patients is necessary to conclusively
establish whether diffuse myocardial fibrosis and diastolic dys-
function are preventable. In addition, studies of the mechanisms
of myocardial fibrosis in SCA and therapeutic trials of antifibrotic
agents and SCA-directed therapy that include ECV as a quanti-
tative clinical end point are needed.

In summary, disease-modifying therapy for SCA, if started in
early childhood and continued indefinitely thereafter, may pre-
vent diffuse myocardial fibrosis and possibly diastolic dysfunc-
tion. Our study provides further evidence supporting the
universal use of early, presymptomatic, disease-modifying ther-
apy in SCA, rather than waiting for organ injury to occur before
initiating therapy.
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