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Abstract

Sickle cell anemia (SCA) is a common and devastating inherited blood disorder, affecting millions 

of people across the world. Without treatment, SCA results in tremendous morbidity and early 

mortality. Hydroxyurea is the primary and most well-established pharmacologic therapy with 

proven benefits to ameliorate the clinical course of SCA, primarily due to its ability to increase the 

expression of fetal hemoglobin (HbF), which prevents sickling of red blood cells. The optimal 

induction of HbF depends upon selection and maintenance of the proper dose that maximizes 

benefits and minimizes toxicity. Due to the significant interpatient variability in hydroxyurea 

pharmacokinetics, pharmacodynamics, and dosing, most patients treated with hydroxyurea receive 

suboptimal doses and have only modest treatment responses. Recognizing this variability, using a 

precision medicine approach, we developed and prospectively evaluated an individualized dosing 

model for children with SCA, designed to optimize the hydroxyurea dose and clinical response. 

We utilize novel laboratory methods and a sparse sampling strategy requiring only 10 μL of blood 

collected 15 minutes, 60 minutes, and 180 minutes after a test dose. We use Bayesian adaptive 

control to estimate hydroxyurea exposure and to select an individual, optimal starting dose. This 

dosing model has resulted in HbF responses >30–40%, levels beyond what is achieved with 

traditional weight-based dosing and trial and error dose escalation. This hydroxyurea dosing 

strategy, if widely implemented, has the potential to change the treatment paradigm of 

hydroxyurea therapy and improve outcomes for the millions of patients with SCA across the 

world.

OVERVIEW OF SICKLE CELL DISEASE

Sickle cell disease (SCD) is a devastating and life-threatening inherited disorder of 

hemoglobin, affecting nearly 100,000 persons in the United States and millions worldwide.
1,2 SCD is an autosomal recessive condition and collectively refers to a closely related group 

of inherited anemias characterized by the predominance of sickle hemoglobin (HbS). The 
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most common and severe forms of SCD (homozygous HbSS disease and HbS/β0-

thalassemia) are referred to as sickle cell anemia (SCA) and will be the focus of this paper. 

The abnormal HbS is the result of a single point mutation in the HBB that results in an 

amino acid substitution (glutamic acid to valine) and, subsequently, the polymerization of 

HbS within red blood cells (RBCs) due to hydrophobic interactions between hemoglobin 

molecules. This polymerization results in elongated and stiffened RBCs that cause vaso-

occlusion due to the decreased deformability and inability to easily travel through blood 

vessels. Painful vaso-occlusive crises are the hallmark of SCD, but without adequate 

treatment, sickled RBCs and the associated hemolytic anemia results in innumerable acute 

and chronic clinical complications, including increased susceptibility to invasive bacterial 

infection due to splenic autoinfarction, acute splenic sequestration crisis, acute chest 

syndrome, stroke, chronic organ damage, and shortened lifespan.3 Without early diagnosis 

and appropriate disease-modifying treatment, SCA results in significant morbidity and early 

mortality.

HEMOGLOBIN SWITCHING AND THE IMPORTANCE OF FETAL 

HEMOGLOBIN

Humans express three distinct types of hemoglobin with unique physiologic characteristics 

at different stages of development: embryonic (α2/ε2), fetal (α2/γ2), and adult (α2/β2) 

hemoglobin (Figure 1). Each hemoglobin tetramer includes two α-like and two β-like globin 

chains, with expression determined by complex and tightly regulated genetic mechanisms of 

gene activation and silencing on chromosomes 11 (β-globin locus, including HBB and the 

γ-globin genes HBG1 and HBG2) and 16 (α-globin locus).4 Most hemoglobinopathies, 

including SCA, are the result of genetic mutations in the β-globin locus. Although the 

switch from the embryonic to the adult form of α-globin occurs within the first weeks of 

embryonic development, the hemoglobin switch within the β-globin locus, from fetal to 

adult hemoglobin, is much more complex and is associated with significant clinical 

implications for those with β-globinopathies, such as SCA. Fetal hemoglobin (HbF) is the 

predominant hemoglobin type during much of gestation due to its increased oxygen affinity. 

Following birth, this increased oxygen affinity is no longer necessary, and the hemoglobin 

switch occurs, from fetal to adult hemoglobin. For infants who express only normal adult 

hemoglobin, this hemoglobin switch occurs quickly with loss of HbF expression by 6 

months of age to virtually no expression by 1 year of age (Figure 1).5–7 Infants with SCA 

express only the abnormal HbS and have a more gradual reduction in HbF than normal 

infants (Figure 1).8 Although this switch from fetal to adult hemoglobin occurs in all people, 

the switch is not total or reversible with significant interpatient variability in residual HbF 

expression. However, most children with SCA have levels of HbF lower than 20% by 2 years 

of age, which is insufficient to inhibit sickling.8

The protective effects of HbF for children with SCA were first described in 1948 by Janet 

Watson as she observed that infants and young children had fewer sickled cells than older 

children and adults.9 The subsequent discovery of hereditary persistence of fetal hemoglobin 

(HPFH) and the demonstration that those who co-inherit SCA and HPFH live a healthy life 

without any manifestations of SCA confirmed the protective effects of HbF.10,11 High levels 
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of HbF inhibit HbS polymerization and subsequent sickling of RBCs. Importantly, the levels 

of HbF and its distribution among RBCs are critical determinants of its ability to prevent 

HbS polymerization. In mature adult RBCs, HbF is distributed unequally across RBCs and 

most mature RBCs have no detectable HbF. As an example, the co-inheritance of HbS with 

HPFH results in HbF levels of 30–40% with near-pancellular HbF distribution within RBCs 

(>80–90% F cells).10 Published modeling studies have suggested that overall HbF levels of 

≥30% with ≥70% F-cells or ≥10 pg HbF/F-cell is a curative target that should completely 

prevent RBC sickling.12,13 This target is the ultimate pharmacological end point for any 

treatments designed to induce HbF expression in patients with SCA, including hydroxyurea. 

It has been commonly stated that hydroxyurea is incapable of producing such a robust HbF 

effect with pancellular distribution of HbF, which has contributed to decreased enthusiasm 

for universal hydroxyurea use and continued efforts to develop novel therapies capable of 

inducing HbF to levels sufficient to prevent RBC sickling. Our work using a precision 

medicine approach to hydroxyurea therapy challenges these skeptical views and suggests 

that hydroxyurea can indeed achieve these HbF targets capable of preventing HbS sickling 

and SCA complications, particularly when initiated early in life.

HYDROXYUREA THERAPY FOR SCA

Hydroxyurea is the primary disease-modifying therapy for SCA with decades of evidence 

demonstrating the salutary laboratory and clinical effects, including reduction in both 

morbidity and mortality.14–18 Despite a recent surge in the development of new therapies,19 

hydroxyurea remains the only widely available and well-established disease modifying 

treatment for SCA. Hydroxyurea exerts its disease-modifying effects primarily through the 

induction of HbF, a potent inhibitor of the polymerization of HbS, as described above.

Mechanism of action

Hydroxyurea is a potent inhibitor of ribonucleotide reductase and is classified as an 

antimetabolite acting as an S-phase specific cytostatic agent.20 The intermittent effect of 

hydroxyurea upon rapidly proliferating erythroid progenitors causing stress erythropoiesis 

has been postulated as the most likely mechanism of HbF induction, although exact 

mechanisms are likely to be multifaceted and not yet well understood.21 In addition to the 

induction of HbF, hydroxyurea also provides additional hematologic benefits for patients 

unrelated to HbF expression, including improved rheology of RBCs and reduction in degree 

of hemolysis resulting in reduction in inflammation, as well as multiple nonhematologic 

effects, such as increased nitric oxide production and both cGMP and CAMP levels, and 

reduction in inflammation.18,22–25 Hydroxyurea has been shown to have an effect upon 

known genetic modifiers of HbF expression, such as BCL11A, KLF-1, and MYB,26,27 but 

despite many years of research, the exact cellular and molecular mechanisms by which 

hydroxyurea induces HbF remains incompletely understood.

Possible toxicities and notoriety of hydroxyurea

Due to its mechanism of action and historical use to treat cancer, hydroxyurea is often 

described as a chemotherapy drug, resulting in significant notoriety and concerns regarding 

short-term and long-term toxicities. Notably, many still have concerns that hydroxyurea may 
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cause cancer, infertility, or birth defects. These concerns have been shown to have a 

significant impact upon hydroxyurea perception and utilization by both providers and 

patients.28–30 The historical data leading to these concerns are mostly derived from in vitro 
experiments, animal studies, and studies including patients with premalignant conditions, 

such as myeloproliferative neoplasms.28,31–34 There have been thousands of patients treated 

with hydroxyurea over the past several decades and there has yet to be a signal to suggest 

that the dosing strategies used for SCA carry any true carcinogenic risk. There remain many 

questions regarding the safety of hydroxyurea during pregnancy, primarily due to 

insufficient data, although there have been a number of healthy babies conceived by men and 

women while they were taking hydroxyurea.35,36 At this time, the most common 

recommendation is to suspend hydroxyurea during pregnancy, but the safety of hydroxyurea 

during pregnancy should be carefully evaluated given the known risks of untreated SCA 

during pregnancy and the growing population of young women who will have been free of 

major SCA complications due to lifelong hydroxyurea therapy. Recent data suggests that the 

use of hydroxyurea is likely to be safe during lactation, with only small amounts of 

hydroxyurea transferred into breastmilk, which is important as young women consider how 

to manage their SCA both during and after pregnancy.37 Finally, due to its direct effects 

upon the bone marrow as a myelosuppressive agent, there are concerns that long-term 

hydroxyurea use may result in marrow exhaustion, resulting in a waning effect over time. 

Although it is likely true that an exhausted bone marrow, as is common for adults with SCA 

who have not received treatment for most of their lives, limits the ability to tolerate as high 

of a dose, there is no evidence that the effects of hydroxyurea wear off with long-term use. 

There are a growing number of reports demonstrating the sustained benefits of hydroxyurea 

for both adults and children treated for over 15 years.17,38,39 The safety concerns of 

hydroxyurea are becoming less of a concern with expanded use and longer follow-up times, 

but it is important to recognize and address these concerns with patients, as access to this 

information, whether truth or myth, is widely available through the internet and many patient 

networks.

HYDROXYUREA PHARMACOKINETICS AND PHARMACODYNAMICS

Hydroxyurea is a small molecule with high oral bioavailability and rapid clearance with a 

short half-life (~ 2–4 hours).40–42 The primary pharmacodynamic (PD) effect of 

hydroxyurea is induction of HbF, although there are many additional hematological and 

nonhematological effects of hydroxyurea, discussed above. Multiple studies have 

demonstrated significant interpatient variability in hydroxyurea pharmacokinetic (PK) and 

PD parameters, both of which have an important implication on hydroxyurea dosing and 

suggest that a “one-size-fits-all” approach is not appropriate.41–43 In the Hydroxyurea Study 

of Long-term Effects (HUSTLE; NCT00305175) trial, the hydroxyurea maximum tolerated 

dose (MTD) ranged from 14.2 to 35.5 mg/kg/day in children.42 In adults, hydroxyurea 

exposure, as defined by the area under the concentration-time curve (AUC), following the 

same dose varied approximately fivefold in adults.42,43 In addition to significant interpatient 

variability in hydroxyurea dosing and PK, there are similar differences in baseline HbF and 

treatment HbF. Data from the HUSTLE trial demonstrated baseline HbF levels of 0–30.6% 
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prior to starting hydroxyurea and HbF levels upon reaching MTD that ranged from 9.4% to 

55.9%.42

INDICATIONS AND UTILIZATION

Over the past 35 years, multiple clinical trials and extensive clinical experience has 

consistently demonstrated the safety and clinical benefits of hydroxyurea as a disease-

modifying therapy for SCA.18,22,23 With this mounting body of evidence, hydroxyurea has 

been increasingly utilized to treat patients with SCA. Initially, hydroxyurea was reserved for 

patients with frequent or severe clinical complications and was rarely used in children. The 

2014 guidelines from the National Heart, Lung, and Blood Institute included strong wording 

to stimulate expanded use of hydroxyurea, including a recommendation that hydroxyurea be 

offered to all infants with SCA starting at 9 months of age, regardless of clinical severity.44 

These guidelines have resulted in increased use of hydroxyurea, including early initiation of 

hydroxyurea for infants and young children, which has significant implications related to 

normal developmental physiology and the production of HbF, and specifically “hemoglobin 

switching” from HbF to HbS that occurs during the first months and years of life (Figure 1).
5,7

TRADITIONAL HYDROXYUREA DOSING

Initially, due to its short half-life, early studies dosed hydroxyurea twice or three times daily,
45 but due to concerns regarding hematologic toxicity and in an attempt to optimize 

medication adherence, hydroxyurea has since become a once daily medication for patients 

with SCA. Initial dosing is typically weight-based and conservative, focused on avoidance of 

toxicity rather than optimizing clinical and laboratory benefits. The clinical benefits of 

hydroxyurea are maximized when the HbF production is greatest, usually accomplished 

through careful dose escalation to an optimal dose, commonly referred to as MTD.46 Dose 

escalation is performed based on complete blood counts and target mild myelosuppression, 

usually determined by absolute neutrophil count. Over time, as evidence has demonstrated 

that severe neutropenia is rare, the absolute neutrophil count target has become less 

conservative (now ~ 1.0–3.0 × 109/L), resulting in higher HbF levels and improved clinical 

benefits. The dose escalation process, however, requires serial laboratory monitoring and 

expertise of the clinical provider and often takes at least 6–12 months to achieve the optimal 

dose. Due to the significant interpatient variability in drug PKs and PDs, there is a wide 

range in optimal dosing from to ~ 15 to 35 mg/kg/day.42,43,47,48 A one-size-fits-all dosing 

approach results in many patients receiving less than 50% their ideal dose.

Recognizing the interpatient differences in PK, PD, and dose, using a precision medicine 

approach, we developed a model to individualize hydroxyurea dosing to optimize clinical 

benefit without increased toxicity to prevent, instead of ameliorate, the clinical 

manifestations of SCA. Through our experiences over the past 5 years using a precision 

medicine approach, we challenge these beliefs and describe the development and 

implementation of an individualized treatment strategy of hydroxyurea for children with 

SCA that is safe and able to induce HbF to levels in the described “curative” range.
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DEVELOPMENT OF A PK-GUIDED DOSE INDIVIDUALIZATION MODEL FOR 

CHILDREN WITH SCA

We developed a PK-guided precision dosing method using Bayesian adaptive control to 

individualize the hydroxyurea dose for children with SCA.49 A total of 712 hydroxyurea 

plasma concentrations from 96 pediatric patients with SCA from the HUSTLE trial who had 

achieved clinically defined MTD were included in the analysis.42,49 A population PK model 

of hydroxyurea was developed using Nonlinear Mixed Effects Modeling (NONMEM).50,51 

Based on this model, a D-optimal design was conducted under the consideration of clinical 

constrains for optimal sampling times. This sampling strategy includes three informative and 

clinically feasible time points (15–20 minutes, 50–60 minutes, and ~ 3 hours) after a test 

dose of 20 mg/kg (the typical starting dose). With a validated concentration measurement 

approach, microsampling using plasma volumes as low as 10 μL would be enough for 

determination of hydroxyurea concentration.52 One of the challenges we were facing in the 

development of this Bayesian dosing strategy was the lack of a clear exposure target of 

hydroxyurea associated with the likelihood of achieving desired clinical and laboratory 

outcomes. As the HUSTLE study participants had achieved a clinically defined MTD, we 

utilized these data to define a target hydroxyurea exposure. Among HUSTLE participants, 

the average total hydroxyurea exposure, as defined by the AUC, was 115 mg*hour/L, which 

was adopted as the initial exposure target. With the population PK model as a prior, a 

patient’s own PK profile could be reconstructed from three concentrations using Bayesian 

estimation software platform, such as MW/Pharm,53 and an individualized dose would be 

recommended to achieve an AUC of 115 mg*hour/L. Figure 2 illustrates how individual PK 

timepoints are used to choose an optimal starting dose to target this AUC. This dosing model 

was prospectively evaluated in the Therapeutic Response Evaluation and Adherence Trial 

(TREAT; NCT02286154).

PROSPECTIVE EVALUATION OF PK-GUIDED INDIVIDUALIZED DOSING: 

RESULTS FROM THE TREAT COHORT

TREAT was a single-center study designed to prospectively validate a novel personalized 

PK-guided hydroxyurea dosing strategy with the primary end points of optimizing dose and 

reducing time to achieving MTD.54 Enrolled participants received a single 20 mg/kg oral 

dose of liquid hydroxyurea, followed by sparse PK sampling with three samples collected at 

three timepoints over 3 hours (15 minutes, 60 minutes, and 180 minutes); hydroxyurea 

concentrations were incorporated into a population PK model in order to generate a starting 

dose that targets MTD. The TREAT cohort (n = 50) was young (median age at hydroxyurea 

initiation, 11 months), and PK-guided starting doses were high (27.7 ± 4.9 mg/kg/day). Time 

to MTD was 4.8 months (interquartile range 3.3–9.3), which is significantly shorter than 

comparison studies, meeting the primary end point. Despite relatively high baseline Hb (9.1 

± 1.3 g/dL) and HbF (25.1 ± 11.6%) due to the early starting age, further significant 

improvements in all hematological parameters were noted within 6 months of treatment 

initiation. The average Hb concentration increased by 1.0 g/dL with 58% of participants 

achieving Hb ≥ 10.0 g/dL and 29% reaching Hb ≥ 11.0 g/dL after 12 months of therapy. 

Despite high initial HbF levels, 87% of the children had further increases, with an average 
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HbF value of 33.3 ± 9.1% after 12 months of therapy and nearly one-third of participants 

achieving HbF values >40%. The HbF responses were robust across all ages, but were 

greatest for those who started ≤ 1 year of age, with 48% of these infants achieving HbF > 

40% after 12 months of therapy.54 As anticipated with these hematologic responses, acute 

sickle cell complications were infrequent, particularly among children initiating 

hydroxyurea within the first 2 years of life.54 Importantly, these results have been sustained 

with the earliest enrolled participants now 5–6 years of age. With the early successes of 

TREAT, we began enrolling patients at an earlier age, aiming to initiate hydroxyurea therapy 

by 6 months of age, with even more robust induction of HbF. Figure 3 illustrates several 

examples of HbF induction using our approach, for children of varying ages, demonstrating 

the ability of individualized hydroxyurea dosing to achieve and sustain HbF levels beyond 

the expected 30% target to prevent HbS polymerization and associated SCA complications. 

The primary limitation of hydroxyurea and the only reason for TREAT patients to have a 

decrease in HbF levels is medication nonadherence, as illustrated in Figure 3d. These 

unprecedented results have allowed a key paradigm shift for hydroxyurea therapy; 

specifically, we can now aim to prevent rather than ameliorate most short-term and long-

term clinical complications, with the ultimate goal of improving quality of life, reducing 

excessive morbidity, and avoiding premature mortality. Previously, HbF levels ≥15–20% 

were considered a therapeutic success because they were associated with a reduction in (but 

not elimination of) many clinical complications of SCA. However, because this degree of 

HbF production decreases HbS polymerization, but does not fully prevent the sickling of 

most erythrocytes, traditional hydroxyurea therapy has been largely considered an 

ameliorative and not curative therapy. Our data from the TREAT study strongly indicate that 

>30% HbF levels are readily achievable and sustainable using early treatment initiation with 

PK-guided dosing for optimal laboratory and clinical effects. We now believe that early 

initiation of hydroxyurea (within the first 1–2 years of life) using robust, personalized dosing 

strategy, has the potential to reverse the sickle phenotype by increasing HbF levels to 30–

40%, mimicking the benign HbS/HPFH phenotype.54 We are currently prospectively 

evaluating this hypothesis in the Hydroxyurea Optimization through Precision Study 

(HOPS; NCT03789591), a prospective, randomized trial of children (age 6 months to 21 

years of age) comparing the benefits of the PK-guided hydroxyurea dosing strategy used in 

the TREAT study vs. standard weight-based dosing with subsequent dose escalation. The 

study will help to clarify whether the results found in TREAT (very high HbF levels) are the 

result of early initiation before 1–2 years of age, robust, individualized starting doses, or a 

combination of both.

ANALYSIS OF PK DATA FROM TREAT AND THE IMPORTANCE OF 

BAYESIAN ESTIMATION

As described, for participants enrolled in TREAT, we used hydroxyurea concentrations 

measured at three time points to constructed individual PK profiles using Bayesian 

estimation with a previously developed population PK model of pediatric patients with SCA.
49 PK studies were performed at baseline, prior to hydroxyurea therapy, and repeated when a 

patient had achieved clinically determined MTD. Although the population PK model was 

developed using data from an older patient cohort (median age 8.8 years), TREAT data 
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demonstrate that the model is also accurate for Bayesian estimation for the young TREAT 

cohort (median age 0.9 years), as shown in Figure 4. Analysis of the TREAT PK data also 

confirm the significant interpatient variability in hydroxyurea PK following individual AUC 

ranges from 40 to 140 mg*hour/L following a single 20 mg/kg dose. Importantly, the 

Bayesian estimated AUCs are significantly different from those predicted by the population 

model (P = 0.01; Figure 5), confirming the need of using Bayesian adaptive control for dose 

recommendations.

EXTENSION OF PRECISION DOSING TO ADULTS WITH SCA: ADULTS ARE 

NOT LARGE CHILDREN

The earliest studies of hydroxyurea for SCA were performed in adults with the definitive 

benefits of hydroxyurea most clearly demonstrated in the randomized, placebo-controlled 

Multicenter Study of Hydroxyurea (MSH).55 These early trials included dose-finding studies 

with an emphasis on minimizing toxicity and clearly demonstrated significant interpatient 

variability in hydroxyurea dosing, response, and toxicity.55,56 Early investigators noted the 

narrow therapeutic window of hydroxyurea for adults with SCA with a purported optimal 

dose (a “sweet spot”) where the HbF response is maximized without excess bone marrow 

toxicity.56 Dosing for adults enrolled in MSH was highly variable with doses ranging from 0 

(persistent marrow toxicity with any hydroxyurea dose) to 35 mg/kg/day (21% of patients).
16 Although clinical benefits were evident, the HbF response was modest with mean HbF 

levels of only 8.6%,57 well below the historical target of 20% of the new target of 30% 

necessary to be truly protective against HbS polymerization and RBC sickling.13

Despite the well-established benefits and guidelines from the National Institutes of Health 

(NIH)44 and American Society of Hematology (ASH)58 recommending widespread use of 

hydroxyurea therapy in both adults and children with SCA, hydroxyurea remains 

underutilized, particularly in adults. Although the use of hydroxyurea in children is growing 

rapidly (from 2.5% in 1997–1999 to 47% in 2015–2017), the increase in the rate of 

hydroxyurea use is much lower in adults (6.9 to 11% in same time frame).31 The 

underutilization in adults with SCA is likely due to the perceived lack of clinical benefits by 

both providers and patients. Furthermore, an inadequate dose of hydroxyurea may lead to 

medication noncompliance or perceived poor adherence by the provider and subsequently 

cause provider-patient mistrust. Despite the claims of subpopulations of patients with SCA 

who do not respond to hydroxyurea therapy, we feel strongly that the primary reason for 

suboptimal response is inadequate hydroxyurea exposure (dose).

To date, our PK-guided dosing model has focused on treating young children with SCA, 

most who are in relatively good health and have not yet developed the chronic organ damage 

of untreated SCA. In contrast, most adolescents and adults have had decades of untreated 

SCA that has led to significant chronic organ damage, most notably to the kidneys and bone 

marrow, which both have important implications on hydroxyurea dosing. Chronic kidney 

disease alters hydroxyurea PK and AUC such that lower doses are tolerated. Decreased bone 

marrow reserve results in lower baseline neutrophil and reticulocyte counts, which increases 

the risk of hematologic toxicity from hydroxyurea therapy. In addition, children are treated 
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with liquid hydroxyurea (100 mg/mL) that allows for incremental doses as precise as 10 mg, 

whereas adults are treated with formulations (500 mg capsules or scoreable 1,000 mg 

tablets) that make exact dosing more difficult. These factors have resulted in an even more 

conservative dosing approach for adults with SCA with doses as low as 5–10 mg/kg, which 

certainly is insufficient to completely prevent HbS polymerization and RBC sickling. We 

hope to build upon our experiences in children to develop an individualized dosing strategy 

for adults with SCA that will certainly include factors such as renal function and bone 

marrow reserve.

PRECISION DOSING IN AFRICA

SCA is among the world’s most common and devastating blood disorders, affecting 

>300,000 newborns per year.1 The majority of infants with SCA are born in low-resource 

settings of sub-Saharan Africa, where an estimated 50–90% will die before 5 years of age 

due to lack of early diagnosis and appropriate care.59 Despite a recent surge in the 

development of new therapies, hydroxyurea remains the primary treatment for SCA with the 

most well-established body of evidence demonstrating its ability to reduce morbidity and 

mortality. Until recently, hydroxyurea was rarely used in sub-Saharan Africa due to concerns 

regarding feasibility and safety in these low-resource settings. The NOHARM trial 

(NCT01976416) first established the safety and benefits of moderate, fixed-dose 

hydroxyurea in comparison to placebo.60 The REACH trial (NCT01966731) then 

demonstrated, in four African countries, that open-label hydroxyurea with dose escalation is 

not only feasible and safe, but also results in substantial clinical benefits, including improved 

mortality.61 Most recently, the NOHARM MTD trial (NCT03128515) showed that 

hydroxyurea dose escalation was safe and provided superior clinical and laboratory benefits 

compared to a fixed, moderate dose.62 Although feasibility, safety, and efficacy of 

hydroxyurea for the treatment of SCA in sub-Saharan Africa is now well-established, the 

most significant remaining knowledge gap is the appropriate dosing and monitoring strategy 

to optimize benefits while avoiding toxicity. Importantly, in these limited-resource settings, 

laboratory monitoring is not available to many patients and there is limited provider 

expertise in the appropriate dosing and monitoring of hydroxyurea. An individualized, PK-

guided approach to establish the optimal starting dose without the need for frequent 

laboratory monitoring or dose adjustment would be especially appealing in low-resource 

settings. We are working to develop and implement strategies to allow for PK-guided dosing 

even in the low-resource settings of sub-Saharan Africa.

EXTENSION OF INDIVIDUALIZED HYDROXYUREA DOSING BEYOND 

RESEARCH TRIALS

Through our work over the past 5 years, we have demonstrated the feasibility and clinical 

benefits of individualized hydroxyurea dosing for children with SCA. We have miniaturized 

the laboratory assay to allow for microsampling requiring only a drop of blood to measure 

hydroxyurea concentrations using liquid-chromatography tandem mass spectrometry and 

utilize a sparse sampling strategy requiring the collection of blood at three clinically 

practical timepoints over 3 hours. The model is being validated further in the HOPS trial to 
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further confirm the superiority of this dosing strategy compared with weight-based dosing 

with subsequent dose escalation based on blood counts. We are working to further automate 

the measurement of hydroxyurea in real-time and to develop an automated method of 

calculating recommended hydroxyurea starting dose using a web-based calculator or mobile 

application. We hope that this dosing strategy will soon be widely available and utilized to 

optimize the benefits and minimize toxicity of hydroxyurea therapy for adults and children 

with SCA in real-world settings across the world.

CONCLUSIONS

Hydroxyurea is a highly effective yet underutilized medication for the treatment of SCA. 

The attainment of optimal hydroxyurea benefits requires selection and maintenance of the 

proper dose, which varies widely from one patient to the next. Inadequate hydroxyurea 

dosing results in suboptimal clinical responses, poor medication adherence, and decreased 

utilization of hydroxyurea as a disease-modifying and life-saving medication. We have 

demonstrated that individualized hydroxyurea dosing for children with SCA results in 

remarkable clinical and laboratory benefits, beyond that which is seen with traditional 

dosing. The precision dosing process, which has been utilized for over 100 patients to date 

through the TREAT and HOPS clinical trials, is clinically feasible and well-received by 

patients and their families, as well as clinical providers (Figure 6). The increased utilization 

of this strategy has the capability of changing the clinical paradigm of hydroxyurea 

treatment from a medication that can ameliorate SCA symptoms to one that can truly 

prevent all complications and result in a healthy and full life for the millions of patients with 

SCA across the world. In an era of many new treatments for SCA, hydroxyurea must not be 

forgotten.
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Figure 1. 
Developmental hemoglobin switching. This illustrates the developmental hemoglobin 

switching that occurs during and after gestation. Embryonic hemoglobins are rapidly 

silenced in the first weeks of gestation and fetal hemoglobin predominates until late in the 

third trimester, when adult forms of hemoglobin begin to be produced. For infants without 

sickle cell anemia (SCA), this fetal hemoglobin (HbF) silencing is rapid with very little 

residual HbF by 6–12 months of age. For infants with SCA, HbF silencing is more gradual 

and children have a variable degree of residual HbF with further reductions in HbF levels 

through approximately the first 5 years of life. Figure adapted from multiple sources.6–9
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Figure 2. 
Individualized, pharmacokinetic (PK)-guided hydroxyurea dose selection using sparse 

sampling. For the determination of an individualized, PK-guided hydroxyurea dose, patients 

take a single oral 20 mg/kg dose, followed by the collection of blood samples 15, 60, and 

180 minutes after the dose. The left side of the figure demonstrates how hydroxyurea 

concentrations at these timepoints are incorporated into a population PK model to determine 

the hydroxyurea PK profile and to estimate hydroxyurea exposure, as defined by area under 

the concentration-time curve (AUC). The right side of the figure illustrates how the 

individualized PK profile is used to determine the required dose to target an AUC of 115 

mg*hour/L, demonstrated to be the mean AUC for a cohort of patients who had achieved the 

optimal, maximum tolerated dose (MTD). This target dose is then selected as the starting 

dose.
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Figure 3. 
Fetal hemoglobin (HbF) induction with individualized hydroxyurea dosing. With 

individualized, pharmacokinetic-guided dosing, participants enrolled in the Therapeutic 

Response Evaluation and Adherence Trial (TREAT) study achieved and sustained HbF 

levels beyond 30–40% for children initiating hydroxyurea at young ages (a, b) and older 

ages, beyond the expected time of HbF silencing (c). For infants beginning hydroxyurea as 

early as 6 months of age, HbF levels increased to >70% a. Medication nonadherence is an 

important factor, as HbF levels sharply decline when hydroxyurea is not taken as prescribed 

(d).
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Figure 4. 
Bayesian estimation of hydroxyurea pharmacokinetic (PK) profile. The figure illustrates a 

representative hydroxyurea PK profile re-constructed using Bayesian approach (blue line) 

vs. population model prediction (teal dashed line). In this young child of 7 months old, 

Bayesian algorithm generated an area under the concentration-time curve (AUC) prediction 

of 75 mg*hour/L (blue line), which is slightly different from model prediction (teal dashed 

line). Based on the exposure target of 115 mg*hour/L, an optimal starting dose of 30.2 

mg/kg was selected to achieve the target.
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Figure 5. 
Interpatient variability in hydroxyurea pharmacokinetics (PKs) and benefits of Bayesian 

adaptive control. There is significant interpatient variability in hydroxyurea PKs with 

individual area under the concentration-time curves (AUCs) ranging from 40 to 140 

mg*hour/L. Bayesian estimation of AUC for individual patients demonstrates a more 

accurate estimation of individual hydroxyurea exposure than the population model alone.
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Figure 6. 
Precision dosing process. The figure illustrates the process of hydroxyurea precision dosing, 

from blood collection through initial dose selection. We have performed this process for 

more than 100 patients through the Therapeutic Response Evaluation and Adherence Trial 

(TREAT) and Hydroxyurea Optimization through Precision Study (HOPS) trials with 

satisfaction by both patient and providers.
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