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Abstract

Pharmacokinetic (PK)-guided dosing of hydroxyurea for children with sickle cell anae-

mia (SCA) could optimize dosing and improve outcomes, but its feasibility has not

been demonstrated in low-resource settings where the majority of affected children

live. Alternative Dosing And Prevention of Transfusions (ADAPT) is a prospective trial

evaluating blood transfusions and the feasibility of determining PK-guided, hydroxy-

urea maximum tolerated doses (MTD) for children with SCA in Uganda, using

portable high-performance liquid chromatography (HPLC) and a novel PK software

programme (HdxSim). ADAPT enrolled 106 participants, and 100% completed PK

testing. PK-guided doses were generated for 78%, of which 38% were within the

protocol-defined range. Accurately, measuring serum hydroxyurea concentrations via

HPLC and the potential for hydroxyurea degradation impacted the feasibility. Ensur-

ing that people with SCA globally have access to hydroxyurea is imperative, and

improving treatment strategies requires ongoing innovation including PK-guided

dosing. ADAPT is registered at ClinicalTrials.gov (NCT05662098).

K E YWORD S

clinical pharmacology, haematology, HPLC < drug analysis, paediatrics, pharmacokinetics

The authors confirm that the local principal investigator for this trial is Ruth Namazzi, MD MMED and that she had direct clinical responsibility for patients.

Received: 13 June 2024 Revised: 13 March 2025 Accepted: 25 March 2025

DOI: 10.1002/bcp.70071

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). British Journal of Clinical Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.

Br J Clin Pharmacol. 2025;91:1865–1872. wileyonlinelibrary.com/journal/bcp 1865

https://orcid.org/0000-0002-5823-0218
https://orcid.org/0000-0002-8552-8298
https://orcid.org/0009-0007-0334-4449
https://orcid.org/0000-0003-4224-2967
http://ClinicalTrials.gov
https://doi.org/10.1002/bcp.70071
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/bcp


1 | INTRODUCTION

Sickle cell anaemia (SCA) is an inherited, life-threatening blood dis-

ease.1 Nearly 400 000 infants are born with SCA annually, and 79% of

the 7.7 million people with sickle cell disease live in Africa.2 Despite

recognition of SCA as a global health priority by the United Nations

and World Health Organization, there is little funding or guidance for

SCA treatment—particularly in comparison to the malaria, tuberculosis,

HIV/AIDS and other ‘Neglected Tropical Diseases’.3,4 Consequently,

sickle cell disease is the 12th leading cause of under-5 mortality

worldwide.2,5

Hydroxyurea is an effective, oral disease-modifying treatment for

SCA that promotes fetal haemoglobin (HbF) production to inhibit

polymerization of sickle haemoglobin.6,7 Hydroxyurea decreases

strokes, acute chest syndrome, pain, transfusions, hospitalization and

death in people with SCA and is safe and beneficial in high- and

low-resource settings globally.8–13 Hydroxyurea is most effective at

maximum tolerated dose (MTD), which is the dose that provides

maximal HbF induction without myelotoxicity.14,15 However, there is

wide interpatient variability in hydroxyurea MTD due to pharmacoki-

netic (PK) differences.16,17 Traditional MTD determination requires

6–12 months of clinic appointments with incremental dose adjust-

ments based on haematologic parameters.18,19

In 2016, we developed a PK model-based, individualized

hydroxyurea dosing strategy for children with SCA published in the

British Journal of Clinical Pharmacology.20 Prospective use of this

approach reduced the mean time to MTD to 4.8 months and led

to improved HbF response without increased toxicities (TREAT,

NCT02286154).18,21 Traditional hydroxyurea dose escalation can be

challenging anywhere, but in low–middle-income countries (LMIC),

the logistical barriers, cost of travel and laboratory tests and burden

on families and healthcare providers are prohibitive to optimized

hydroxyurea dosing.19,22–25 If feasible in Africa, a PK-guided approach

might improve hydroxyurea dosing where the majority of SCA

patients live.

To facilitate PK-guided hydroxyurea dosing in low-resource

settings, adaptations to serum hydroxyurea quantification and model-

informed precision dosing were made.26,27 The Alternative Dosing

And Prevention of Transfusions (ADAPT, NCT05662098) trial is a

pilot study to evaluate the feasibility of this PK-guided dosing

approach in order to provide individualized hydroxyurea doses to

children with SCA in Uganda.28 Our hypothesis was that PK-guided

hydroxyurea starting doses would be generated for 80% of partici-

pants with our adapted approach. Here, we present the baseline PK

data and feasibility results of the ADAPT trial.

2 | METHODS

2.1 | Study design

ADAPT is a prospective trial of hydroxyurea treatment for children

with SCA in Jinja, Uganda.28 Children aged 1–10 years old with SCA

were eligible for inclusion. Those with other serious medical condi-

tions, including HIV, tuberculosis or cancer were excluded, and those

who received a blood transfusion within 30 days were temporarily

excluded. The primary study end-point is the incidence rate ratio of

blood transfusions administered during a 3-month, pretreatment,

screening period compared with a 12-month hydroxyurea treatment

period.

An important secondary end-point is the percentage of success-

ful, PK-guided starting doses generated. During the screening period,

all participants underwent PK testing. Participants with successful PK

testing (see Hydroxyurea PK Testing below) and a hydroxyurea dose

generated within 15–35 mg per kilogram per day (mg/kg/day),29

started on their individual hydroxyurea dose. If a participant's PK

testing was unsuccessful or the dose generated was outside of the

protocol-defined range, the participant started on a default dose

(20 mg/kg/day) in accordance with Ugandan national guidelines. All

participants started hydroxyurea and will complete 12 months of

treatment following the same laboratory-based dose adjustment cri-

teria to achieve MTD targeting absolute neutrophil counts between

2.0 and 3.0 � 109/L.19,28

Parents or guardians of participants signed written, informed con-

sent prior to study enrollment. ADAPT was approved by the Institu-

tional Review Boards of Makerere University School of Medicine and

Cincinnati Children's Hospital Medical Center, the Ugandan National

Council of Science and Technology and the Ugandan National Drug

Authority.

2.2 | Setting

The clinical site of ADAPT is the paediatric campus of the Jinja

Regional Referral Hospital (JRRH), a government hospital in

Jinja, Uganda. The sickle cell clinic has over 1500 children registered.

Jinja is located on the shores of Lake Victoria and the Nile River,

with a high burden of malaria and SCA. The research laboratory for

ADAPT is the Global Health Uganda CHILD Lab, located in Kampala,

Uganda.

2.3 | Hydroxyurea PK testing

ADAPT participants underwent first-dose PK testing during the

screening period. They chewed or swallowed a 500-mg hydroxyurea

capsule at time zero. Sparse sampling was collected via venipuncture

at 20, 60 and 180 min after the test dose.20 Whole blood was

separated into serum, which was stored at �20C for up to 2 weeks

until transportation to the CHILD lab in a portable car freezer

(VEVOR). The commute between Jinja and Kampala is approximately

80 km but may take 2–5 h to traverse.

Serum hydroxyurea was transformed to a detectable

substance through a colorimetric Fearon assay taking between

3 and 4 h.30,31 Hydroxyurea concentrations were then determined

via portable high-performance liquid chromatography (HPLC,
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SmartLife, Figure 1A) machine with a reversed-phase C18 col-

umn.26,30 N-methylurea serves as the internal control, and concen-

trations are calculated from a calibration curve that must have an r2

greater than 0.95.

When a hydroxyurea concentration was determined for all three

time points, they were entered into hydroxyurea model-informed pre-

cision dosing software (HdxSim, Figure 1B).27 Using participant data

and Bayesian estimation, area-under-the-time-concentration-curves

(AUC) were generated for each participant. The dose required to

achieve target exposure was then calculated. The target exposure of

115 mg*h/L was the mean exposure in American children with SCA

clinically escalated to MTD (HUSTLE, NCT00305175) and was used in

the prospective trial (TREAT).16,18,20 Participants for whom all steps of

this process were completed in entirety resulting in the generation

of an individualized dose were considered to have successful PK

testing.

F IGURE 1 (A) Hydroxyurea concentrations for ADAPT were determined via a portable high-performance liquid chromatography machine
(HPLC, SmartLife) capable of performing haemoglobin electrophoresis testing or determining hydroxyurea concentration depending on column
and mobile phases. Figure 1B. Hydroxyurea pharmacokinetic (PK)-guided doses were determined via a clinical decision support tool for model-
informed precision dosing (HdxSim) for children with sickle cell anaemia.
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2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20 (Alexander et al., 2019 a,b).

3 | RESULTS

From June 2022 to January 2023, 106 participants enrolled in ADAPT

(Table 1).32 Most had prior episodes of pain (86%), dactylitis (74%)

and malaria (79%). According to parental history, the majority had

received at least one lifetime blood transfusion (78%), and many

had received greater than 3 (35%). Only two participants had previ-

ously taken hydroxyurea. Some participants had mild stunting.

Participants were anaemic at baseline with mean Hb 7.7 ± 1.3 g/

dL and HbF 10.3% ± 7.1%. The baseline serum creatinine was low at

0.2 ± 0.1 mg/dL. Genetic testing confirmed 100% of participants had

HbSS genotype.

3.1 | Feasibility of adapted PK approach

Of 106 participants enrolled, all completed hydroxyurea PK

collection with three time points collected (Figure 2). Three samples

per participant were transported from Jinja to Kampala, Uganda

within 14 days for 104 participants (98%), all arriving frozen. After the

colorimetric assay, all three samples from these 104 participants

visibly turned pink.

There were several potential failed steps during determination of

the hydroxyurea serum concentrations. Reasons for undetermined

concentrations included inadequate calibration curve linearity (6%),

chopped or unevaluable peaks for hydroxyurea or the internal stan-

dard (8%), incorrect hydroxyurea or internal standard retention times

(2%), hydroxyurea not detected in all three samples (1%) or implausi-

ble second time point (3%), with the concentration at the second time

point lower than the first and third time points. All three hydroxyurea

concentrations were determined from 84 participants (79%). HdxSim

could not generate a hydroxyurea dose for one participant. Overall, an

individualized PK-guided hydroxyurea dose was determined for

83 participants (78%).

3.2 | PK parameters of ADAPT cohort

Based on participant body weight, the 500-mg hydroxyurea test dose

provided 31.2 ± 12.8 mg/kg (median, interquartile range, Table 2). The

median AUC achieved with this dose was 87 ± 65 mg*h/L. To achieve

the target hydroxyurea exposure, the median dose recommended was

38.7 ± 15.0 mg/kg/day. Of the 83 participants with a dose generated,

the PK-recommended dose was within the protocol-specified range

of 15–35 mg/kg/day for 32 participants (38.5%).

4 | DISCUSSION

ADAPT is the first trial to evaluate the feasibility of prospective,

PK-guided hydroxyurea dosing to treat children with SCA in Africa,

where over 75% of patients with the disease live. With our approach,

a PK-guided hydroxyurea dose was generated for 78% of ADAPT

participants. Some of these doses were above the protocol-specified

range, potentially due to analytical challenges; however, our pilot

study identified areas of success and opportunities for improvement

TABLE 1 Enrollment characteristics of the ADAPT cohort.

Demographics

Female, n (%) 53 (50%)

Age in years 4.3 (2.3)

Physical exam

Weight-for-height/BMI z-score �0.29 (1.10)

Height-for-age z-score �0.96 (1.11)

Spleen palpable, n (%) 21 (20%)

Past medical history, n (%)

Episode of vaso-occlusive pain 91 (86%)

Dactylitis 78 (74%)

Acute chest syndrome/pneumonia 50 (47%)

Splenic sequestration 30 (28%)

Hydroxyurea use 2 (2%)

Any prior transfusion 83 (78%)

Greater than three prior transfusions 37 (35%)

Imaging, n (%)

Detectable spleen on ultrasound 79 (75%)

Conditional velocity on TCD 14 (13%)

Abnormal velocity on TCD 6 (6%)

Laboratory parameters

Haemoglobin (g/dL) 7.7 ± 1.3

Fetal haemoglobin (%) 10.3 ± 7.1

Absolute neutrophil count (x109/L) 5.7 ± 2.5

Creatinine (mg/dL) 0.2 ± 0.1

Genetic results, n (%)

HbSS 106 (100%)

Alpha thalassaemia trait

Wild type 36 (34.0%)

1 Gene Deletion 54 (50.9%)

2 Gene Deletion 16 (15.1%)

G6PD deficiency (A-variant)

Wild type 77 (72.6%)

G6PD-deficient male 9 (8.5%)

Female carrier for G6PD deficiency 20 (18.9%)

G6PD-deficient female 0 (0%)

Note: Results are mean (SD) unless otherwise indicated.

Abbreviations: BMI, body mass index; dL, deciliter; g, grams; L, litre; mg,

milligrams; n, number; SD: standard deviation; TCD, transcranial Doppler

ultrasound.

1868 POWER-HAYS ET AL.

http://www.guidetopharmacology.org


for future prospective hydroxyurea PK research in limited resource

settings.

Most steps of the adapted approach were completed successfully.

Patients, parents and providers accepted the venipunctures required

for sparse sampling, and samples were transported frozen to a central

location for testing within the defined time frame for most samples.

Skilled laboratory technicians completed the time-consuming, colori-

metric assay on all received samples. All three hydroxyurea concentra-

tions were determined for 79% of participants. Because this was a

feasibility study, the laboratory technicians were not asked to repeat

analyses on uninterpretable samples in this pilot.

Previously, we documented that both intra-day precision (2.5%

coefficient of variance, CV) and accuracy (<15% different from nomi-

nal values), as well as inter-day precision (1.6%–5.8% CV) and accu-

racy (<10% difference from nominal values), were excellent using this

analytical method.26 The limit of detection is 0.5 μg/mL,29 below the

concentration deemed necessary to impact hydroxyurea PK in vivo.33

When tested in Tanzania, we documented good inter-day precision

(CV 2%–17.5%) and accuracy (<15% difference from nominal values)

as well.26 The benefits of this portable HPLC device include its

portability, small footprint and that by being an open system; it can be

manually repaired with basic tools. Potential downsides include that

F IGURE 2 Hydroxyurea
pharmacokinetic feasibility chart for
the ADAPT cohort.

TABLE 2 First-dose hydroxyurea pharmacokinetic (PK)
parameters.

Median (Q1, Q3)

Weight (kg) 16.0 (13.2, 20.0)

Test dose (mg/kg) 31.2 (25.0, 37.8)

AUC (mg*h/L) 87 (61, 126)

PK-recommended dose (mg/kg/day) 38.7 (32.0, 47.0)

Absorption (1/h) 4.5 (1.4, 7.3)

VD (L/70 kg) 57.8 (51.3, 70.2)

Clearance (L/h/70 kg) 29.3 (21.8, 35.9)

Abbreviations: AUC, area-under-the-curve; h, hour; kg, kilograms; L, litre;

mg/kg, milligrams per kilogram; Q1, quartile 1; Q3, quartile 3.
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because it is an open system, it may be more exposed to dust and

fluctuations in temperature or pressure that could affect the analyses.

Since particulates in the mobile phase can interfere with the column,

for future studies, we recommend adding an in-line filter.

The majority of generated doses were above the protocol-defined

range, due to lower-than-expected AUC from the test dose and higher

volumes of distribution compared with other hydroxyurea PK stud-

ies.20,27 In a cross-sectional comparison of children with SCA in North

America (USA and Jamaica) and Africa (Uganda and Kenya), there

were no clinically significant differences in PK profiles.34 Therefore,

the differences across continents do not appear to impact hydroxy-

urea PKs, and the doses predicted in ADAPT are more likely due to

analytic challenges than to patient-related differences.

Hydroxyurea degrades with exposure to light and heat.30,35

Stability studies prior to the ADAPT trial demonstrated hydroxyurea

in serum degrades completely within 24 h at room temperature and

by 8%–15% after 24 h at 4C; in contrast, it is stable for 14 days at

�20C and over 6 months at �80C. Although samples in ADAPT

were wrapped in foil and promptly frozen, some degradation may

have occurred prior to freezing if samples were left at room tem-

perature, during the lengthy transport between Jinja and Kampala,

or during repeated freezing and thawing while troubleshooting the

HPLC method. Based on the experiences in ADAPT, we recom-

mend extremely close attention to the cold chain, dividing stored

serum into aliquots to limit freeze-thaws, and eliminating lag time

between collection and analysis, as well as any prolonged sample

transport.

Derivatized hydroxyurea and n-methylurea have also been

shown to decay by 25%–28% over 6 h, but at a symmetrical rate so

that the ratio remains reliable31; with the manual injections and trou-

bleshooting the machine, some samples may have been analysed

greater than 6 h from preparation. If this colorimetric Fearon assay is

used in the future, further analyses to demonstrate ongoing symmet-

rical decay after 6 h is necessary. The time-consuming, colorimetric

Fearon assay may not be amenable to real-world settings, so we

recently adopted a simplified, xanthydrol-based hydroxyurea assay

that takes minutes to complete.36,37 Further, derivatized xanthydrol-

hydroxyurea products are stable for 24 h at 4C.37 This will be trialled

in future PK studies.

Even in high-income countries, many patients do not have

access to a clinical pharmacologist. To increase access to the

benefits of individualized dosing, HdxSim was developed27; this soft-

ware uses the population PK model we developed best described by

a one compartment model with Michaelis–Menten elimination and a

transit compartment.20 ADAPT is the first study to prospectively

use HdxSim to determine an individualized dose for children

with SCA.

Participants for whom a dose was not generated or for whom the

dose was outside of the protocol-defined range start on the default

dose followed by traditional dose escalation to achieve MTD. The

protocol-defined range of 15–35 mg/kg/day is in accordance with

the US-FDA dosing range, and this ADAPT protocol range buffers par-

ticipants from erroneous PK doses due to the aforementioned analytic

challenges during this feasibility study. Some SCA studies have

allowed up to 40–50 mg/kg/day.29,38 Furthermore, regardless of PK

or default dosing, all participants undergo close complete blood count

monitoring for myelotoxicity at Months 1, 2, and then every 2 months

for the first 12 months to ensure participant safety and dose adjust-

ments towards target myelosuppression.15,19,28 This is closer monitor-

ing in this feasibility trial than is conducted in the real-world with

weight-based dosing.19,39,40 After 12 months of treatment, the safety,

number of dose adjustments and benefits of PK-guided dosing will be

analysed as secondary end-points.

5 | CONCLUSION

The potential benefits of personalized medicine should not only be

accessible to those in high-resource settings. Hydroxyurea is a life-

saving medication for SCA with the most benefits at optimal dosing,

which can be effectively achieved through PK-guided dosing. To

expand access to this dosing approach to low-resource settings, the

ADAPT trial evaluated the feasibility of sparse sampling, a colorimetric

assay and portable HPLC and a novel model-informed precision dos-

ing software to complete PK-guided dosing of hydroxyurea for chil-

dren with SCA in Uganda. This pilot study highlighted the overall

acceptability and successful aspects of the approach as well as areas

for further improvement. As new SCA treatments and curative

options are in development for this historically neglected population,

it is imperative that progress also continues in low-resource settings

where the majority of patients with SCA live.
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