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Hydroxyurea treatment is recommended for children with sickle cell anemia (SCA) living
in high-resource malaria-free regions, but its safety and efficacy in malaria-endemic
sub-Saharan Africa, where the greatest sickle-cell burden exists, remain unknown. In vitro
• Compared with placebo,
hydroxyurea did not increase studies suggest hydroxyurea could increase malaria severity, and hydroxyureaassociated neutropenia could worsen infections. NOHARM (Novel use Of Hydroxyurea
the incidence or severity of
in an African Region with Malaria) was a randomized, double-blinded, placebo-controlled
malaria events in Ugandan
trial conducted in malaria-endemic Uganda, comparing hydroxyurea to placebo at
children with SCA.
20 6 2.5 mg/kg per day for 12 months. The primary outcome was incidence of clinical malaria.
• Hydroxyurea provided
Secondary outcomes included SCA-related adverse events (AEs), clinical and laboratory
significant clinical and
effects, and hematological toxicities. Children received either hydroxyurea (N 5 104) or
laboratory benefits,
placebo (N 5 103). Malaria incidence did not differ between children on hydroxyurea (0.05
suggesting it will be safe and episodes per child per year; 95% confidence interval [0.02, 0.13]) vs placebo (0.07
effective across sub-Saharan episodes per child per year [0.03, 0.16]); the hydroxyurea/placebo malaria incidence rate
Africa.
ratio was 0.7 ([0.2, 2.7]; P 5 .61). Time to infection also did not differ significantly between
treatment arms. A composite SCA-related clinical outcome (vaso-occlusive painful crisis,
dactylitis, acute chest syndrome, splenic sequestration, or blood transfusion) was less frequent with hydroxyurea (45%) than placebo
(69%; P 5 .001). Children receiving hydroxyurea had significantly increased hemoglobin concentration and fetal hemoglobin, with
decreased leukocytes and reticulocytes. Serious AEs, sepsis episodes, and dose-limiting toxicities were similar between treatment arms.
Three deaths occurred (2 hydroxyurea, 1 placebo, and none from malaria). Hydroxyurea treatment appears safe for children with SCA
living in malaria-endemic sub-Saharan Africa, without increased severe malaria, infections, or AEs. Hydroxyurea provides SCA-related
laboratory and clinical efficacy, but optimal dosing and monitoring regimens for Africa remain undefined. This trial was registered at
www.clinicaltrials.gov as #NCT01976416. (Blood. 2017;130(24):2585-2593)

Key Points

Introduction
Sickle cell anemia (SCA) is a life-threatening hematological disorder
and among the world’s most prevalent hereditary diseases, with more
than 300 000 affected babies born each year.1 The vast majority of these
births occur in sub-Saharan Africa, where an estimated 50% to 90% of
children with SCA will die by age 5 years, often without an established
diagnosis.2 The heterozygous sickle gene mutation confers a strong
survival advantage against malaria,3 which explains why the allele frequency is highest in malaria-endemic regions of Africa.1
Hydroxyurea has proven laboratory and clinical efﬁcacy for both
children and adults with SCA.4-7 Its mechanisms of action are multiple
and incompletely understood, but fetal hemoglobin (HbF) induction in
erythroid cells is critical for the inhibition of intracellular sickling.
Treatment also has salutary effects on blood cell adhesion, morphology,
and rheology.8 Further, hydroxyurea is a safe drug for SCA, with low

incidence of treatment-related toxicity and no serious long-term effects
observed to date. Hydroxyurea is currently approved by the US Food
and Drug Administration for adults with severe symptoms and by the
European Medicines Agency for affected adults and children above age
2 years. Based on a large and compelling body of evidence accumulated
over the past 30 years, evidence-based guidelines published by the
National Heart, Lung and Blood Institute of the National Institutes of
Health strongly recommend wider usage, including offering treatment
to infants as young as 9 months of age.9
The beneﬁts of hydroxyurea treatment of children with SCA would
be greatest in countries within sub-Saharan Africa, if hydroxyurea were
found to be safe and have its predicted efﬁcacy in these high-burden
areas. However, the effects of hydroxyurea on the presentation and
clinical course of malaria must also be considered. Hydroxyurea
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Table 1. NOHARM AE definitions
Definition
Clinical AE terminology
Vaso-occlusive pain crisis/dactylitis

Vaso-occlusive pain crisis: acute pain and tenderness in an area of the body, with or without swelling, with no other diagnostic
explanation.
Dactylitis: vaso-occlusive crisis (acute pain, tenderness, and swelling) localized to hands or feet.

Pneumonia/acute chest syndrome

Pneumonia: history of fever or measured axillary temperature $37.5°C, with tachypnea and cough.
Acute chest syndrome: signs of pneumonia plus chest pain and/or tenderness.

Clinical sepsis

Measured fever and ill appearance, requiring IV antibiotics.

Acute splenic sequestration

Increase in splenic size from last physical examination, accompanied by a decrease in hemoglobin of $2 g/dL.

Upper respiratory infection

Child with general well appearance with rhinorrhea, nasal congestion, or cough.

Gastrointestinal related

Diarrhea, vomiting, constipated, intestinal obstruction.

Malaria

Measured fever (axillary temperature $37.5°C) or fever by history and Plasmodium species infection on blood smear.

Other infection

Other infections, diagnosed clinically.

Other (eg, injury)

Other diseases not included above diagnosed during visits for illness.

Laboratory AEs*
Anemia

Hemoglobin ,6 g/dL

Reticulocytopenia

ARC ,80 3 109/L and hemoglobin ,7 g/dL

Neutropenia

Absolute neutrophil count (ANC) ,1.0 3 109/L

Thrombocytopenia

Platelet count ,80 3 109/L

Elevated AST/ALT

AST .150 IU/L, ALT .150 IU/L

Elevated bilirubin

Total bilirubin .5 mg/dL

The diagnosis of sickle-related clinical events followed published definitions,24 with modifications such as pneumonia and clinical sepsis.
ALT, alanine transferase; AST, aspartate transferase.
*Laboratory AE definitions represent the values necessary for a grade 2 event.

may directly affect several factors related to the pathogenesis of severe
malaria, with potentially deleterious consequences. Some in vitro and
animal studies suggest that hydroxyurea increases endothelial intracellular adhesion molecule-1 (ICAM-1) expression,10 which could
enhance parasite adhesion to endothelium,11 and also increases tumor
necrosis factor a levels,12 both of which are associated with increased
malaria severity and death.13 Other studies have challenged these
ﬁndings,14,15 but deﬁnitive human data are lacking. If hydroxyurea induces effects that shift the clinical course in SCA from uncomplicated to
severe malaria, this could increase mortality despite beneﬁts for the
underlying SCA.16 In addition, in low-resource settings, hydroxyurea
may cause neutropenia that could lead to increased severity of the many
bacterial infections commonly observed in African children with SCA.17
In contrast to these adverse effects, it is possible that hydroxyurea
could have beneﬁcial effects against malaria because HbF, which is
increased by hydroxyurea, inhibits Plasmodium falciparum growth in
vitro.18 Hydroxyurea treatment also generates nitric oxide,19 which
protects against severe malaria in animals20,21 and humans.22 With these
contrasting potential mechanisms, the risks and beneﬁts of hydroxyurea in a malaria endemic setting remain unknown, and many critical
questions remain regarding the safety, feasibility, and efﬁcacy of
hydroxyurea for children with SCA living in malaria-endemic
settings within sub-Saharan Africa.
For these reasons, we conducted a prospective randomized
double-blinded placebo-controlled clinical trial, the Novel use Of
Hydroxyurea in an African Region with Malaria (NOHARM), in
young Ugandan children with SCA, to determine the safety and
efﬁcacy of hydroxyurea in a malaria-endemic region. NOHARM is
registered at www.clinicaltrials.gov as #NCT01976416.

malaria and infection with hydroxyurea treatment, the consensus among local
experts and the local institutional review board supported a placebo-controlled
trial, despite the expected SCA-related treatment beneﬁts in children with SCA. It
was agreed, however, that study participants should be given the opportunity to
receive subsequent open-label hydroxyurea, if no danger signal was observed
from the blinded study treatment. NOHARM was conducted at Mulago Hospital
Sickle Cell Clinic in Kampala, Uganda. Kampala has seasonal malaria
transmission, with high outpatient and inpatient burdens. Protocol approval
was obtained from the institutional review boards of the Makerere University
School of Medicine, Indiana University, University of Minnesota, and Cincinnati
Children’s Hospital, as well as the Uganda National Drug Authority and Uganda
National Council for Science and Technology.
Study participants
Children receiving care at Mulago Hospital Sickle Cell Clinic were eligible if
they were 1.00 to 3.99 years of age and living within 50 km of the clinic. Study
inclusion criteria included conﬁrmed SCA, weight $5.0 kg, and willingness to
comply with study procedures. Children with severe malnutrition or known
chronic medical conditions, current hydroxyurea treatment, or blood transfusion
in the previous 30 days were excluded. Parents of the study participants gave
written informed consent.
Randomization and masking
Children meeting inclusion criteria completed enrollment and after screening,
were randomized 1:1 to hydroxyurea or placebo by the Data Coordinating
Center at Cincinnati Children’s Hospital as described.23 Study allocations were
randomly assigned by the statistician, using computer-generated sequences in
block ﬁles of 8 participants. Study treatments were supplied with A or B labels,
and the clinical coordinating center staff, study pharmacists, families and
caregivers, and all but 2 members of the Data Coordinating Center were masked
to treatment allocation.

Methods

Medications

Study design

Study treatment (Addmedica, Paris, France) included oral hydroxyurea
(Siklos) as 1000-mg scored tablets and 100-mg dispersible tablets, or
placebo tablets of identical size and appearance. Treatment was
administered once daily at 20 6 2.5 mg/kg for 12 months, with dose
adjustments in both arms for weight gain and hematological toxicities.23

A detailed description of the study site, design, and procedures was previously published.23 Brieﬂy, NOHARM was a randomized double-blinded
placebo-controlled clinical trial. Because of concerns about the risks of severe
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213 enrolled

5 ineligible

208 randomized

104 assigned
hydroxyurea

104 assigned
placebo

5 discontinued treatment
3 withdrew consent
1 death
1 ineligible

4 discontinued treatment
2 deaths
2 withdrew consent

100 completed
blinded

99 completed
blinded

104 included in
intention-to-treat
analysis

103 included in
intention-to-treat
analysis

Figure 1. CONSORT diagram for the NOHARM trial.

Procedures

Clinical definitions

All participants received standard care for SCA including folic acid, penicillin
prophylaxis, and pneumococcal vaccination. For malaria prophylaxis, children received insecticide-treated mosquito nets and monthly sulphadoxinepyrimethamine. Study participants were seen for the randomization visit (month 0)
and for scheduled visits at 2 weeks posttreatment initiation, monthly from
months 1 to 4, and at months 6, 8, 10, and 12 for a total of 10 scheduled visits
with monitoring for clinical malaria and toxicities. Caregivers were instructed
to return to clinic or hospital whenever the child was unwell; all febrile
children received malaria testing. After completing the blinded treatment
phase, participants could receive open-label hydroxyurea, as per local Ethics
Committee recommendations.

All children with measured fever (axillary temperature $37.5°C) in the clinic or
fever by history were tested for malaria by microscopy. Children with measured
fever or a history of fever and detectable Plasmodium species infection of any
density on blood smear were diagnosed with clinical malaria, as is standard in this
area. Malaria was treated with parenteral artesunate followed by oral artemetherlumefantrine, if the child was hospitalized, or oral artemether-lumefantrine, if
the child was not hospitalized. The diagnosis of sickle-related clinical events
followed published deﬁnitions,24 with modiﬁcations such as pneumonia based
on clinical rather than radiograph ﬁndings. Clinical sepsis was deﬁned as
presentation with fever and an unwell appearance, for which IV antibiotics were
given. Full deﬁnitions for clinical adverse events (AEs) are provided in Table 1.
Study outcomes

Measurements
Complete blood counts with leukocyte differential and absolute reticulocyte
count (ARC) were measured at each visit (Sysmex Corporation, Kobe, Japan)
plus blood chemistries using a Cobas 6000 analyzer Model C501 (Roche
Diagnostics, Indianapolis, IN). HbF was quantiﬁed by capillary electrophoresis
(Minicap; Sebia, Paris, France). Malaria was assessed by peripheral blood smear
using Giemsa staining: each slide was read by 2 certiﬁed microscopists, with a
third reading to resolve any discrepancies.

The primary study outcome was incidence of clinical malaria. Secondary
outcomes included the following: (1) a composite of 1 or more SCA-related AEs
(pain, dactylitis, acute chest syndrome, splenic sequestration, or transfusion); (2)
clinical AEs; and (3) dose-limiting toxicities.
Statistical analysis
We estimated malaria incidence would be between 0.3 and 1.3 malaria episodes
per year, based on a study based in Kampala that includes community children
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Table 2. Baseline demographic, clinical, and laboratory characteristics of the NOHARM randomized cohort
Hydroxyurea (N 5 104)

Placebo (N 5 103)

P

Demographics, N (%)
Age at enrollment, mean (SD), y

2.2 (0.9)

2.3 (0.9)

.3148

Male

55 (53)

57 (55)

.8298

Parent completing secondary school

32 (31)

35 (34)

.7614

Running water in the home

14 (13)

11 (11)

.6885

Height, cm

85.6 (8.8)

86.3 (8.2)

.5615

Weight, kg

11.3 (2.1)

11.5 (2.1)

.4604

20.40 (1.06)

20.39 (1.06)

.9316

Growth measures, mean (SD)

Z score (weight for length/height)
Past medical history, N (%)
Dactylitis
Vaso-occlusive crisis
Stroke
Splenomegaly
Acute chest syndrome

80 (77)

82 (80)

.7639

88/103 (85)

81/103 (79)

.3421

0

0

—

6/93 (6)

5/99 (5)

.7619*

21/103 (20)

13/100 (13)

.2219

Transfusion

56 (54)

57 (55)

.9393

Hospitalization within 1 y of enrollment

65 (63)

54 (52)

.1851

Hemoglobin, g/dL

7.5 (1.1)

7.6 (1.0)

.5214

MCV, fL

79 (9)

80 (9)

.8248

Fetal hemoglobin [HbF/(HbF 1 HbS)], %

14.6 (7.1)

13.3 (6.0)

.1591

ARC (3109/L)

380 (122)

381 (112)

.9623

WBC count, 3109/L

Laboratory measures, mean (SD)

19.0 (7.2)

18.7 (5.4)

.7148

ANC, 3109/L

6.5 (3.1)

6.2 (2.6)

.4023

Platelets, 3109/L

358 (171)

416 (138)

.0075

18 (9)

19 (9)

.5478

0.28 (0.09)

0.28 (0.07)

.6068

ALT, U/L
Creatinine, mg/dL

A total of 208 children were randomized to either hydroxyurea (N 5 104) or placebo (N 5 104). One participant was later deemed ineligible, and those data were removed
from the data set. Values are shown as the mean (SD) or the number of study participants with the measure/total tested for that measure (% affected).
HbS, sickle hemoglobin; MCV, mean corpuscular volume; WBC, white blood cell.
*Fisher’s exact test because of the low frequency.

(lowest incidence estimate) and children with severe malaria (highest incidence
estimate) (C.C.J., unpublished data). With these rates of malaria incidence, and
variance to mean ratio 1.7, we estimated that 100 children per treatment arm
would provide 90% power (a 5 0.05) to detect between 59% and 34% difference
in incidence between treatment arms, respectively. Study data were entered into
OnCore and analyzed using R (Vienna, Austria; version 3.2.4). The primary
analysis included all randomized participants per intention to treat, with P , .05
considered signiﬁcant. Interim analysis for safety was performed after 100
children completed blinded study treatment. The difference in malaria incidence
rate between the hydroxyurea and placebo groups was analyzed using negative
binomial regression. For secondary outcomes, P , .01 was considered signiﬁcant. Continuous measures are described as mean (standard deviation [SD]),
and treatment arms were compared using the 2-sample Welch’s t test, or when
within the same individuals using a paired Welch’s t test. Categorical measures
are described using percent or frequency and compared using the Pearson x2 test
with Yates correction or Fisher’s exact test. Malaria episodes are reported as
mean per child (95% conﬁdence interval [CI]). Time to malaria infection is
described by Kaplan-Meier curves. Groups were compared for cumulative
incidence (ie, time to infection) using Gray’s method, with all-cause death treated
as a competing event.25

Results
A total of 213 children were enrolled between 24 September 2014
and 2 October 2015; among these, 208 were randomized to either
hydroxyurea or placebo (Figure 1). One child was later deemed
ineligible because of an elevated baseline ALT, so that child’s data were
removed from the analyzed data set. The treatment arms had similar

baseline demographic, laboratory, and clinical measures (Table 2).
No child had symptomatic or asymptomatic Plasmodium species parasitemia at enrollment.
Malaria occurred at a low rate throughout the study, perhaps
reﬂecting excellent adherence to malaria prophylaxis. Over the 1-year
study period, malaria testing was done for 235 episodes of measured
fever or history of fever in study participants, with only 12 fever
episodes because of malaria. Malaria incidence did not differ between
children prescribed hydroxyurea (0.05 episodes per child per year, 95%
CI [0.02, 0.13]) vs placebo (0.07 episodes per child per year [0.03,
0.16]); the hydroxyurea/placebo malaria incidence rate ratio was
0.7 ([0.2, 2.7], P 5 .61). Time to infection also did not differ signiﬁcantly
between hydroxyurea and placebo (Figure 2). All 12 malaria episodes
were because of P. falciparum; 1 child had coinfection with
P. malariae. Three children on hydroxyurea had a total of 5 malaria
episodes, compared with 7 children on placebo with a total of 7 malaria
episodes (Table 3). The median parasite density was 26 410 parasites
per mL (minimum, 1064; maximum, 193 705). Six of the 12 episodes
of malaria were severe, requiring hospitalization (2 with hemoglobin
concentration ,5 g/dL, 1 with impaired consciousness, 1 with hemoglobin concentration ,5 g/dL and impaired consciousness, and 2
unable to take oral medication). All 10 study participants with malaria
recovered. In the 12 conﬁrmed cases of malaria, there were 4 episodes
with concomitant clinical AE: vaso-occlusive pain crisis (N 5 3)
and acute chest syndrome/pneumonia (N 5 1). In addition, there were
2 episodes of malaria with concomitant SAE: splenic sequestration
(N 5 1) and bacteremia (N 5 1).
A per protocol composite clinical outcome included 1 or more
SCA-related clinical events (vaso-occlusive painful crisis, dactylitis,
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Figure 2. Incidence of malaria events in the NOHARM
trial, with no statistical difference observed between
the blinded treatment arms (P 5 .19). Comparisons of the
hydroxyurea to placebo group were calculated using Gray’s
test for competing events, treating death as a competing
event. Solid line represents hydroxyurea; dashed line
represents placebo. The smaller inset diagram is identical
to the larger graph but has a different scale.
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acute chest syndrome/pneumonia, splenic sequestration, or blood
transfusion). The proportion of children with this outcome was signiﬁcantly lower in the hydroxyurea arm than the placebo arm (45% vs
69%; Table 3, P 5 .001). For individual clinical events, vaso-occlusive
pain and hospitalizations were signiﬁcantly less frequent with hydroxyurea than placebo (Table 3; Figure 3). This difference in
hospitalization rate was largely driven by differences in vaso-occlusive
crises, which accounted for 42% of all hospitalizations. The number
needed to treat to prevent 1 hospitalization was 6.4, whereas the number
needed to treat to prevent a SCA-related event was 2.5. No strokes
occurred in either treatment arm during the 1-year treatment period.
Clinical sepsis was more frequent with placebo (12.6%) than hydroxyurea (5.8%), but this difference was not statistically signiﬁcant
(P 5 .14). Blood cultures were positive in only 2 episodes, both for
Staphylococcus aureus, 1 in each treatment arm.
SAEs, deﬁned as death, an acute life-threatening event, or hospitalization for .7 days, occurred equally with 6 in each treatment arm
(Table 3). During the blinded treatment phase, 3 children died (2
hydroxyurea, 1 placebo) and 5 others withdrew from the study. Causes
of death were presumed sepsis (1 hydroxyurea, 1 placebo) and sudden
death, cause unknown (hydroxyurea). In 2 of the SAEs listed in Table 3,
2 participants had malaria concomitant with bacteremia or splenic
sequestration, as noted previously.
The 2 treatment arms had similar counts of laboratory AEs except
anemia (Table 3). Speciﬁcally, low hemoglobin (,6.0 g/dL) occurred
more frequently in children receiving placebo than hydroxyurea,
whereas the frequencies of neutropenia, thrombocytopenia, and reticulocytopenia did not differ signiﬁcantly between treatment arms.
Similarly, the frequency of protocol-deﬁned dose-limiting hematological toxicities did not differ between treatment arms (Table 3).
Neutropenia was notably rare, occurring only once in only 2 participants
over the entire study.

Children receiving hydroxyurea had signiﬁcant treatmentassociated increases in hemoglobin concentration, MCV, and HbF
compared with those receiving placebo (Table 4). Substantial increases
in HbF were observed for both children below and above the median
enrollment age, despite starting with different baseline HbF levels.
Conversely, children on hydroxyurea had signiﬁcant decreases in WBC
count, ANC, ARC, and platelets compared with children receiving
placebo (Table 4). The treatment arms did not differ in changes in ALT
or creatinine. Medication adherence, assessed by careful questioning at
each clinic visit, was deemed excellent in both treatment arms.

Discussion
In this prospective randomized double-blinded placebo-controlled trial
of young children with SCA living in Uganda, hydroxyurea therapy
was both safe and efﬁcacious. The 2 treatment arms did not differ in the
incidence, severity, or other outcomes from malaria infection; in the
incidence of clinical sepsis or bacteremia; or in the number of laboratory
AEs or dose-limiting toxicities, including neutropenia. In contrast, the
previously described laboratory and clinical beneﬁts of hydroxyurea
therapy were clearly observed in this young population. The increases
in hemoglobin concentration and HbF levels, along with decreases in
neutrophils and reticulocytes, were similar to values observed in USbased trials,4-7,26 and the rates of important clinical SCA-related events
such as vaso-occlusive painful crisis and hospitalizations were similarly
reduced. Taken together, these data suggest that hydroxyurea should be
strongly considered as an important therapeutic option for young
children with SCA living in malaria endemic areas.
NOHARM represents the ﬁrst randomized trial of hydroxyurea in
Africa. The study design captured all possible malaria events, with
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Table 3. AEs in the NOHARM study population
Hydroxyurea (N 5 104)
Events
SAEs

Participants

Placebo (N 5 103)
Events

Participants

P

6

6

6

6

Bacteremia/sepsis

2

2

2

2

Acute chest syndrome/pneumonia

1

1

2

2

.62*

Vaso-occlusive crisis

0

0

1

1

.50*

1.0*

Acute splenic sequestration

2

2

0

0

.50*

Anemia

0

0

1

1

.50*

Sudden death

1

1

0

0

1.0*

SCA-related events (composite)
Vaso-occlusive pain crisis, dactylitis, acute

47

71

.001

chest syndrome, splenic sequestration, or
blood transfusion
Clinical AEs

232

76

308

Vaso-occlusive pain crisis/dactylitis

58

38

106

59

.004

Acute chest syndrome/pneumonia

24

21

32

24

.71

Clinical sepsis

8

6

16

13

.14

Acute splenic sequestration

0

0

0

0

—

107

54

108

62

.29

Upper respiratory tract infection
Gastrointestinal related

88

15

13

15

12

Malaria

5

3

7

7

1.0

Other infections

8

7

14

14

.16

Others (eg, injury)

7

7

10

9

.78

Clinical interventions

.21*

34

14

53

32

Transfusion

14

12

18

17

.41

Hospitalization

20

12

35

28

.007

Laboratory AEs

57

31

78

46

Anemia

40

25

65

42

Reticulocytopenia

3

3

6

5

.50*

Neutropenia

2

2

0

0

.50*

Thrombocytopenia

12

11

4

4

.11

Elevated AST/ALT

0

0

2

1

.50*
.50*

Elevated bilirubin

.015

0

0

1

1

21

15

17

13

Anemia

6

4

8

8

Reticulocytopenia

1

1

5

5

.12*

Neutropenia

2

2

0

0

.50*

12

11

4

4

Dose-limiting toxicities

Thrombocytopenia

.36

.11

All serious adverse events (SAEs), AEs, and laboratory AEs were compared between treatment arms. Proportions of affected participants were compared by x tests with
Yates correction. Full definitions of AEs are provided in Table 1.
*Fisher’s exact test instead of x2 test, because of the low expected frequency.
2

blood smear testing for all episodes of current and recent fever. The
incidence of malaria in our cohort was low, suggesting effective
protection by insecticide-treated bed nets and monthly oral malaria
prophylaxis with sulfadoxine-pyrimethamine provided to all study
participants, or possibly a decreased risk of clinical malaria in children
with SCA. Some form of malaria prophylaxis for children with SCA
is a standard recommendation in most African countries,27 and
insecticide-treated bed net use for children ,5 years of age in malaria
endemic areas of Africa has increased dramatically over the past
decade, to an average of .60% coverage,28 so the preventive measures
used in this study are similar to those in many other malaria endemic
areas where children with SCA live. However, adherence to these
recommendations is highly variable, so our study ﬁndings may not
apply to children with SCA not on malaria prophylaxis and/or not using
insecticide-treated bed nets. Because malaria incidence was low in our
study, the range of relative differences in malaria incidence between
hydroxyurea and placebo is broad (95% CI for incidence rate ratio 0.2 to
2.7), but the absolute differences in episodes is small (95% CI, 2-13
episodes per 100 children per year with hydroxyurea vs 3-16 episodes
per 100 children per year with placebo). Hydroxyurea did not worsen
malaria severity, because hospitalizations for malaria did not differ

between treatment arms, and no child died of malaria. Because of the
low malaria incidence, this study does not provide deﬁnitive guidance
regarding the safety of hydroxyurea in all malaria endemic areas, but the
lack of increased risks of malaria incidence, severity, and outcome is
reassuring. The incidence of malaria in these children with SCA further
suggests that absolute differences in malaria risk with hydroxyurea will
be very small. However, risks of hydroxyurea may differ in areas of
higher malaria transmission, and genetic or environmental factors in
other areas could affect risk of hydroxyurea toxicity or malariahydroxyurea interactions. In light of the present study data showing
efﬁcacy of hydroxyurea against pain crises and hospitalizations, with
no evidence of increased malaria or infection risk in this area of low
malaria transmission, it may be difﬁcult to justify additional placebocontrolled trials in areas of higher malaria transmission. If additional
placebo-controlled studies are not conducted, future studies of openlabel hydroxyurea in other malaria endemic regions should carefully
document the rates and complications of malaria during hydroxyurea
treatment. These data will help determine the long-term safety proﬁle of
hydroxyurea for children living in malaria-endemic regions.
All 5 of the study children hospitalized with severe malaria (1 child
was hospitalized twice) survived, in contrast to an earlier study from
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Figure 3. Cumulative incidence of sickle-related AEs over 12 months, by blinded treatment arm. (A) Painful vaso-occlusive crisis; P 5 .004. (B) Hospitalization;
P 5 .002. (C) Transfusion; P 5 .27. (D) Pneumonia/acute chest syndrome; P 5 .51.

Kenya in which 4 of 5 children with SCA hospitalized for severe
malaria died (80% mortality).16 The presence of malaria parasites on
peripheral blood smear also did not increase the risk of death during
hospitalization, contrasting with a Tanzanian study of children with
SCA, which reported increased mortality in hospitalized children with
parasitemia.29 In contrast, another study from Kenya reported no deaths
among 38 children with SCA and severe malarial anemia, the most
common form of severe malaria affecting these children.30 Similarly, in
a recent study in Kampala conducted by our group, none of 22 children
with SCA who developed severe malarial anemia died.31 Together,
these study ﬁndings cast doubt on the contention that severe malaria
causes high rates of mortality in children with SCA. In the ﬁrst 2 studies
cited, which described increased mortality from malaria in children
with SCA, malaria prophylaxis was either not given routinely16 or
consisted of chloroquine.29 The sulfadoxine-pyrimethamine prophylaxis given in the present study is likely more effective than chloroquine

prophylaxis. In addition, the 2 studies were conducted during a period
of much lower bed net coverage, and a signiﬁcant proportion of children
in these earlier study cohorts received chloroquine or sulfadoxinepyrimethamine for treatment of uncomplicated malaria, instead of the
more effective current standard of care, artemisinin-combination therapy. Together, these factors may have played a role in the higher
mortality seen with malaria in these prior cohorts.
Increased infection in children with drug-induced neutropenia was
an additional concern regarding hydroxyurea treatment in an area
where invasive bacterial infection is common in children. However,
neutropenia was rare in NOHARM and did not differ on hydroxyurea
vs placebo treatment, and episodes of pneumonia, clinically deﬁned
sepsis, and bacteremia did not differ between hydroxyurea or placebo
treatment arms. These data conﬁrm ﬁndings observed in the United
States5 and should help allay safety concerns about hydroxyurea and
infection risk related to neutropenia in low-resource settings.
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Table 4. Selected laboratory characteristics of the NOHARM randomized population
Month 12
Laboratory measures
Hemoglobin, g/dL

Change from baseline

Hydroxyurea

Placebo

P

Hydroxyurea

Placebo

P

8.7 (1.3)

7.4 (1.0)

,.001

1.2 (1.2)

20.1 (0.9)

,.001

88 (9)

81 (8)

,.001

9 (7)

Fetal hemoglobin [HbF/(HbF 1 HbS)], %

22.9 (8.6)

10.4 (4.8)

,.001

8.5 (6.7)

23.1 (3.3)

,.001

Enrollment age below median

24.1 (8.5)

12.1 (4.8)

,.001

7.9 (7.4)

24.1 (3.5)

,.001

Enrollment age above median

21.4 (8.7)

8.8 (4.2)

,.001

9.3 (5.6)

22.2 (2.8)

,.001

ARC, 3109/L

247 (107)

391 (122)

,.001

2144 (119)

11 (119)

,.001

WBC count, 3109/L

MCV, fL

1 (5)

,.001

13.7 (5.1)

18.0 (5.1)

,.001

25.4 (5.8)

20.7 (5.1)

,.001

ANC, 3109/L

5.2 (2.5)

6.6 (2.6)

,.001

21.3 (3.0)

0.4 (3.0)

,.001

Platelets, 3109/L

371 (166)

446 (143)

,.001

19 (8)

18 (8)

.59

0.8 (11)

0.32 (0.11)

0.31 (0.08)

.64

0.04 (0.13)

ALT, U/L
Creatinine, mg/dL

12 (184)

28 (152)

.50

20.9 (10)

.28

0.04 (0.10)

.92

Results are shown only for participants who had data for the measure both at baseline and at 12 mo, as mean (SD) or the percentage of participants affected. The median
age at enrollment was 2.2 y. Treatment group differences at month 12 and changes from baseline were tested by Welch’s t tests.

Hydroxyurea was also associated with signiﬁcantly fewer SCArelated clinical events, speciﬁcally vaso-occlusive crises, dactylitis, and hospitalizations. Other laboratory outcomes of long-term
clinical importance for children with SCA, including increases
in hemoglobin concentration and HbF, as well as decreases in
leukocyte, neutrophil, and reticulocyte counts, were all more favorable in children receiving hydroxyurea than placebo, further
supporting the drug’s efﬁcacy in this study population. Despite the
differences in nutritional status from US-based populations, as
evidenced by the low baseline Z scores, the hydroxyurea responses were remarkably similar to published results in the BABY
HUG trial for both clinical and laboratory effects.5 The potential beneﬁts of hydroxyurea treatment on growth in NOHARM
are also important to assess but have not yet undergone formal
analysis.
After the double-blinded treatment phase, the entire NOHARM
cohort was offered open-label hydroxyurea as per the study
design, and all but 1 family opted for treatment. Future analysis
can thus compare the effects of early initiation and the longerterm effects of treatment. Because hydroxyurea escalated to
maximum tolerated dose is standard in the United States,7,25
additional studies should assess how SCA-related AEs and hematological responses compare for children receiving ﬁxed-dose
treatment vs dose escalation regimens. Outcomes were excellent
in the present study with a safe and relatively easily administered
ﬁxed dose (20 mg/kg), so it will be important to investigate
how treatment beneﬁts and risks differ with different dosing
schemes of hydroxyurea for children with SCA living in malariaendemic areas. Children in African countries often have limited
access to health care facilities, and those facilities typically have
limited laboratory testing capability. Less frequent laboratory
monitoring would allow wider implementation of hydroxyurea
treatment.
Additional studies that include longer duration of hydroxyurea
in malaria-endemic areas will help determine optimal drug dosing,
the range of AEs, and malaria incidence in areas with higher malaria
transmission. Until then, the present study documents that with
adequate monitoring, mosquito nets, and malaria prophylaxis,
ﬁxed-dose hydroxyurea treatment of children with SCA in malariaendemic areas is safe with no increased incidence of malaria, sepsis,
bacteremia, or SAEs. In combination with the observed clinical
efﬁcacy (fewer painful events and hospitalizations), the NOHARM
study ﬁndings support the wider use of hydroxyurea for children
with SCA living in malaria-endemic regions across sub-Saharan
Africa.

Acknowledgments
The authors wish to thank the Mulago Hospital Sickle Cell Clinic and
Global Health Uganda staff for conducting study work, the Data
Coordinating Center staff at Cincinnati Children’s Hospital Medical
Center for setup of the study database and monitoring of study data,
Fogarty and Doris Duke Charitable Foundation trainees who did
operational work on the study, members of the Data and Safety
Monitoring Board, and especially the study participants and their
caregivers. Addmedica Inc. (Paris, France) donated both hydroxyurea and placebo study treatments.
This work was supported by a grant from the Doris Duke
Charitable Foundation (ICRA 2013139), and Cincinnati Children’s
Research Foundation provided ﬁnancial support for the NOHARM
Data Coordinating Center.
The Doris Duke Charitable Foundation and Addmedica Inc. did
not participate in the following aspects of the research: (1) study
design; (2) data collection, analysis, or interpretation; (3) writing the
report; or (4) decision to submit the publication.

Authorship
Contribution: R.O.O., R.E.W., and C.C.J. designed the study,
supervised the trial, analyzed the results, and wrote the ﬁrst draft
of the manuscript; T.S.L. helped coordinate many critical aspects
of the trial to ensure its safe and successful operational execution;
C.M.N., H.A.H., and P.K. enrolled patients, collected data, and helped
interpret the results; A.L. and J.S.H. performed statistical analyses
for the trial; and all authors participated in the editing of the
manuscript and approved the ﬁnal version.
Conﬂict-of-interest disclosure: R.E.W. is a consultant for Global
Blood Therapeutics and Nova Laboratories, is on an advisory board
for Agios Pharmaceuticals, receives research support from BristolMyers Squibb, and serves on a Data and Safety Monitoring Board for
the US Food and Drug Administration. None of these disclosures are
relevant to the results and conclusions of the NOHARM trial. The
remaining authors declare no competing ﬁnancial interests.
ORCID proﬁles: R.E.W., 0000-0001-9582-0594; C.C.J., 00000002-1634-1411.
Correspondence: Russell E. Ware, Division of Hematology, Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, 3333
Burnet Ave, Cincinnati, OH 45229; e-mail: russell.ware@cchmc.org.

From www.bloodjournal.org by guest on December 14, 2017. For personal use only.
BLOOD, 14 DECEMBER 2017 x VOLUME 130, NUMBER 24

NOHARM RANDOMIZED CLINICAL TRIAL

2593

References
1. Piel FB, Patil AP, Howes RE, et al. Global
distribution of the sickle cell gene and
geographical confirmation of the malaria
hypothesis. Nat Commun. 2010;1(8):104-111.

11. Berendt AR, Simmons DL, Tansey J, Newbold CI,
Marsh K. Intercellular adhesion molecule-1 is an
endothelial cell adhesion receptor for Plasmodium
falciparum. Nature. 1989;341(6237):57-59.

2. Grosse SD, Odame I, Atrash HK, Amendah DD,
Piel FB, Williams TN. Sickle cell disease in Africa:
a neglected cause of early childhood mortality.
Am J Prev Med. 2011;41(6, suppl 4):S398-S405.

12. Navarra P, Grohmann U, Nocentini G, et al.
Hydroxyurea induces the gene expression and
synthesis of proinflammatory cytokines in vivo.
J Pharmacol Exp Ther. 1997;280(1):477-482.

3. Allison AC. Protection afforded by sickle-cell trait
against subtertian malareal infection. BMJ. 1954;
1(4857):290-294.

13. Grau GE, Taylor TE, Molyneux ME, et al. Tumor
necrosis factor and disease severity in children
with falciparum malaria. N Engl J Med. 1989;
320(24):1586-1591.

4. Charache S, Terrin ML, Moore RD, et al;
Investigators of the Multicenter Study of
Hydroxyurea in Sickle Cell Anemia. Effect of
hydroxyurea on the frequency of painful crises in
sickle cell anemia. N Engl J Med. 1995;332(20):
1317-1322.
5. Kinney TR, Helms RW, O’Branski EE, et al;
Pediatric Hydroxyurea Group. Safety of
hydroxyurea in children with sickle cell anemia:
results of the HUG-KIDS study, a phase I/II trial.
Blood. 1999;94(5):1550-1554.
6. Wang WC, Ware RE, Miller ST, et al; BABY HUG
investigators. Hydroxycarbamide in very young
children with sickle-cell anaemia: a multicentre,
randomised, controlled trial (BABY HUG). Lancet.
2011;377(9778):1663-1672.
7. Ware RE, Davis BR, Schultz WH, et al.
Hydroxycarbamide versus chronic transfusion for
maintenance of transcranial doppler flow
velocities in children with sickle cell anaemia-TCD
with transfusions changing to hydroxyurea
(TWiTCH): a multicentre, open-label, phase 3,
non-inferiority trial. Lancet. 2016;387(10019):
661-670.
8. Ware RE. How I use hydroxyurea to treat young
patients with sickle cell anemia. Blood. 2010;
115(26):5300-5311.
9. Yawn BP, Buchanan GR, Afenyi-Annan AN, et al.
Management of sickle cell disease: summary of
the 2014 evidence-based report by expert panel
members. JAMA. 2014;312(10):1033-1048.
10. Brun M, Bourdoulous S, Couraud PO, Elion J,
Krishnamoorthy R, Lapoumeroulie C.
Hydroxyurea downregulates endothelin-1 gene
expression and upregulates ICAM-1 gene
expression in cultured human endothelial cells.
Pharmacogenomics J. 2003;3(4):215-226.

14. Conran N, Fattori A, Saad ST, Costa FF.
Increased levels of soluble ICAM-1 in the plasma
of sickle cell patients are reversed by
hydroxyurea. Am J Hematol. 2004;76(4):343-347.
15. Pino P, Taoufiq Z, Brun M, et al. Effects of
hydroxyurea on malaria, parasite growth and
adhesion in experimental models. Parasite
Immunol. 2006;28(12):675-680.
16. McAuley CF, Webb C, Makani J, et al. High
mortality from Plasmodium falciparum malaria in
children living with sickle cell anemia on the coast
of Kenya. Blood. 2010;116(10):1663-1668.
17. Ramakrishnan M, Moı̈si JC, Klugman KP, et al.
Increased risk of invasive bacterial infections in
African people with sickle-cell disease: a
systematic review and meta-analysis. Lancet
Infect Dis. 2010;10(5):329-337.
18. Amaratunga C, Lopera-Mesa TM, Brittain NJ,
et al. A role for fetal hemoglobin and maternal
immune IgG in infant resistance to Plasmodium
falciparum malaria. PLoS One. 2011;6(4):e14798.
19. Cokic VP, Smith RD, Beleslin-Cokic BB, et al.
Hydroxyurea induces fetal hemoglobin by the
nitric oxide-dependent activation of soluble
guanylyl cyclase. J Clin Invest. 2003;111(2):
231-239.
20. Cabrales P, Zanini GM, Meays D, Frangos JA,
Carvalho LJ. Nitric oxide protection against
murine cerebral malaria is associated with
improved cerebral microcirculatory physiology.
J Infect Dis. 2011;203(10):1454-1463.
21. Serghides L, Kim H, Lu Z, et al. Inhaled nitric
oxide reduces endothelial activation and parasite
accumulation in the brain, and enhances survival

in experimental cerebral malaria. PLoS One.
2011;6(11):e27714.
22. Anstey NM, Weinberg JB, Hassanali MY, et al.
Nitric oxide in Tanzanian children with malaria:
inverse relationship between malaria severity and
nitric oxide production/nitric oxide synthase type 2
expression. J Exp Med. 1996;184(2):557-567.
23. Anyanwu JN, Williams O, Sautter CL, et al. Novel
use of hydroxyurea in an African region with
malaria: protocol for a randomized controlled
clinical trial. JMIR Res Protoc. 2016;5(2):e110.
24. Ballas SK, Lieff S, Benjamin LJ, et al;
Investigators, Comprehensive Sickle Cell
Centers. Definitions of the phenotypic
manifestations of sickle cell disease. Am J
Hematol. 2010;85(1):6-13.
25. Gray RJ. A class of K-sample tests for comparing
the cumulative incidence of a competing risk. Ann
Stat. 1988;16(3):1141-1154.
26. Ware RE. Optimizing hydroxyurea therapy for
sickle cell anemia. Hematology Am Soc Hematol
Educ Program. 2015;2015(1):436-443.
27. Aneni EC, Hamer DH, Gill CJ. Systematic review
of current and emerging strategies for reducing
morbidity from malaria in sickle cell disease. Trop
Med Int Health. 2013;18(3):313-327.
28. UNICEF. Malaria mortality among children under
five is concentrated in sub-Saharan Africa. http://
data.unicef.org/topic/child-health/malaria/#.
Accessed 26 July 2017.
29. Makani J, Komba AN, Cox SE, et al. Malaria in
patients with sickle cell anemia: burden, risk
factors, and outcome at the outpatient clinic and
during hospitalization. Blood. 2010;115(2):
215-220.
30. Komba AN, Makani J, Sadarangani M, et al.
Malaria as a cause of morbidity and mortality in
children with homozygous sickle cell disease on
the coast of Kenya. Clin Infect Dis. 2009;49(2):
216-222.
31. Opoka RO, Bangirana P, Idro R, Shabani E,
Namazzi R, John CC. Lack of mortality in 22
children with sickle cell anemia and severe
malarial anemia [published online ahead of print
17 August 2017]. Pediatr Blood Cancer.
doi:10.1002/pbc.26745.

From www.bloodjournal.org by guest on December 14, 2017. For personal use only.

2017 130: 2585-2593
doi:10.1182/blood-2017-06-788935 originally published
online October 19, 2017

Novel use Of Hydroxyurea in an African Region with Malaria (NOHARM):
a trial for children with sickle cell anemia
Robert O. Opoka, Christopher M. Ndugwa, Teresa S. Latham, Adam Lane, Heather A. Hume, Phillip
Kasirye, James S. Hodges, Russell E. Ware and Chandy C. John

Updated information and services can be found at:
http://www.bloodjournal.org/content/130/24/2585.full.html
Articles on similar topics can be found in the following Blood collections
Clinical Trials and Observations (4677 articles)
Free Research Articles (4806 articles)
Pediatric Hematology (546 articles)
Plenary Papers (507 articles)
Red Cells, Iron, and Erythropoiesis (843 articles)
Sickle Cell Disease (140 articles)
Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.

