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Abstract
Background and Objective The disease burden of sickle cell anemia (SCA) in sub-Saharan African (SSA) countries is 
substantial, with many children dying without an established diagnosis or proper treatment. The global burden of SCA is 
increasing each year, making therapeutic intervention a high priority. Hydroxyurea is the only disease-modifying therapy with 
proven feasibility and efficacy suitable for SSA; however, no one has quantified the health economic implications of its use. 
Therefore, from the perspective of the health care provider, we estimated the incremental cost-effectiveness of hydroxyurea 
as a fixed-dose regimen or maximum tolerated dose (MTD) regimen, versus SCA care without hydroxyurea.
Methods We estimated the cost of providing outpatient treatment at a pediatric sickle cell clinic in Kampala, Uganda. 
These estimates were used in a discrete-event simulation model to project mean costs (2021 US$), disability-adjusted life 
years (DALYs), and consumption of blood products per patient (450 mL units), for patients between 9 months and 18 years 
of age. We calculated cost-effectiveness as the ratio of incremental costs over incremental DALYs averted, discounted at 
3% annually. To test the robustness of our findings, and the impact of uncertainty, we conducted probabilistic and one-way 
sensitivity analyses, scenario analysis, and price threshold analyses.
Results Hydroxyurea treatment averted an expected 1.37 DALYs and saved US$ 191 per patient if administered at the MTD, 
compared with SCA care without hydroxyurea. In comparison, hydroxyurea at a fixed dose averted 0.80 DALYs per patient 
at an incremental cost of US$ 2. The MTD strategy saved 11.2 (95% CI 11.1–11.4) units of blood per patient, compared with 
9.1 (95% CI 9.0–9.2) units of blood per patient at the fixed-dose alternative.
Conclusions Hydroxyurea at MTD is likely to improve quality of life and reduce the consumption of blood products for children 
with SCA living in Uganda. Compared with a fixed dose regimen, treatment dosing at MTD is likely to be a cost-effective treatment 
for SCA, using realistic ranges of hydroxyurea costs that are relevant across SSA. Compared with no use of the drug, hydroxyurea 
could lead to substantial net savings per patient, while reducing the disease morbidity and mortality and increasing quality of life.
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Key Points for Decision Makers 

Hydroxyurea—the only disease-modifying drug that has 
proven safe, efficacious, and feasible for patients with 
sickle cell anemia in Uganda and similar settings—has a 
high probability of being cost-effective when considered 
from a health care provider’s perspective.

Using hydroxyurea to manage sickle cell anemia can limit 
the substantial consumption of blood products among 
patients.

Despite more investments in monitoring and drug pro-
curements, hydroxyurea may be most cost-effective if 
provided at the maximum tolerated dose, compared with 
a fixed lower dose.

1 Introduction

Sickle cell anemia (SCA) is one of the greatest public health 
concerns of all hemoglobinopathies [1]. Patients with SCA 
are homozygous for the hemoglobin (Hb) S mutation, thus 
producing the abnormal Hb S molecule rather than normal 
Hb A. During deoxygenation, HbS polymerizes, which dam-
ages erythrocytes and leads to hemolytic anemia, acute vaso-
occlusive events, high susceptibility to infections, chronic 
organ damage, and early mortality [1]. Among the most 
devastating manifestations in childhood is a high rate of 
stroke, which increases mortality and long-term morbidity, 
especially in the absence of stroke-prevention measures [1].
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Management of SCA has drastically improved in high-
income settings such as the USA and various European 
countries [1, 2], with life expectancy far exceeding that 
of patients in sub-Saharan Africa (SSA), where, globally, 
the majority of persons with SCA reside [1]. Here, an esti-
mated 43% of patients die before their tenth birthday [3], 
as screening and access to comprehensive care are limited 
[1]. In Uganda, the fundamental care recommended for all 
patients with SCA currently includes pneumococcal vac-
cination, penicillin prophylaxis, malaria prophylaxis, and 
daily folic acid, as well as regular follow-up by a clinician 
[4]. Although these recommendations correspond with 
evidence, the consistency and quality of care are generally 
limited in low-income countries in SSA [1]. Consequently, 
and in accordance with the World Health Organization’s 
(WHO) strategy for sickle cell disease in Africa, the situ-
ation requires increased efforts to provide comprehensive 
care that is feasible to implement and accessible for patients 
[5, 6].

Hydroxyurea has been identified as a potentially trans-
formative therapy for SCA in SSA [7–9]. Originally 
approved in 1967 as an antineoplastic drug, hydroxyurea 
has notably been used to treat chronic myeloid leukemia 
and other myeloproliferative disorders [10]. Its approval for 
treating SCA in the USA followed in 1998 [11]. Hydrox-
yurea has since become standard of care for SCA in high-
income settings [12] and has recently been established as 
safe, effective, and clinically feasible for use in SSA [7–9].

The double-blinded, placebo-controlled NOHARM 
trial demonstrated the safety and efficacy of hydroxyurea 
administered at a fixed dose of 20 ± 2.5 mg/kg per day for 
young children in Uganda [7]. The findings were consistent 
throughout a follow-up study, which also demonstrated a 
significant reduction in stroke risk measured as transcra-
nial Doppler (TCD) velocities [13]. Finally, a third trial 
reported increased clinical benefits when hydroxyurea was 
escalated to the maximum tolerated dose (MTD) of about 
30 mg/kg, which significantly reduced hospitalizations and 
transfusions by more than half compared with the fixed-dose 
strategy, without compromising safety [9]. The safety of the 
MTD strategy was confirmed by the open-label hydroxyurea 
REACH trial, which also achieved significant reductions in 
mortality rates across four SSA countries [8].

Hydroxyurea has been listed as an essential medicine 
by the WHO since 2011[14] and several African countries 
now recommend hydroxyurea in the management of SCA. 
Despite this important development for public health in the 
region, hydroxyurea is not consistently available for all SCA 
patients through public health services, such as the Mulago 
Hospital Sickle Cell Clinic (MHSCC) in Kampala, Uganda. 
Due to the high number of patients, there is currently only 
enough medicines to supply patients with a portion of their 
prescribed doses. Thus, patients who need the medicine 

must buy the drug at retail pharmacies to ensure continu-
ous supplies. Since 84% of patient caregivers at MHSCC 
have an income of under US$ 1.9 per day [15], hydroxyurea 
is largely unavailable for most patients unless incorporated 
into standard benefit packages. However, economic evidence 
is absent regarding whether hydroxyurea is cost-effective 
and should be prioritized over alternative interventions to 
be funded by Uganda’s limited health budget.

As an off-patent drug [16], hydroxyurea has been demon-
strated to be cost-effective in the USA [17, 18], but this has 
little validity for a low-income African setting, and region-
specific economic evidence is therefore needed [9]. We set 
out to estimate the cost-effectiveness of hydroxyurea pro-
vided for children with SCA that receive public healthcare 
services in Uganda. We assessed the incremental cost, incre-
mental effectiveness, and incremental cost-effectiveness of 
both SCA care with hydroxyurea at the MTD and fixed dose, 
compared with SCA care without hydroxyurea. Additionally, 
because blood transfusions have limited availability [19] but 
are crucial for treatment of these patients [1], we modeled 
how the treatment alternatives influence the expected long-
term consumption of this vital resource.

2  Methods

2.1  Study Settings and Perspective

We performed a model-based health economic evaluation 
from the perspective of the health care provider in Kam-
pala, Uganda. We chose this perspective because an analy-
sis based on a societal perspective would require data that 
are limited in the current setting, and we did not have the 
opportunity to collect such data at this time. However, esti-
mates based on the health care provider’s perspective is valid 
information for decision-makers when prioritizing scarce 
health sector resources to maximize health for patients [20]. 
We considered health care services in the same setting as 
the NOHARM-trials, namely the MHSCC—a specialized 
clinic for children with SCA [7, 9, 13]. We also assumed that 
all treatment costs, including the cost of hydroxyurea, were 
born by the health care provider. We reported our findings 
according to the Consolidated Health Economic Evaluation 
Reporting Standards (CHEERS) checklist, which is provided 
in the electronic supplementary material [21], alongside 
more details on the study settings.

2.2  Interventions Compared

We compared two hydroxyurea arms—MTD and fixed-
dose—and a comparator arm without hydroxyurea. We 
included these two hydroxyurea strategies since they have 
been compared in clinical trials in the study setting [9]. 
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We assumed that all treatment groups received basic care 
recommended by MHSCC (Mulago Hospital Sickle Cell 
Clinic, Kampala, Uganda, unpublished guidelines) and 
national guidelines [4]. This included prophylactic penicil-
lin, folic acid, and anti-malaria medication (Supplementary 
Table S6), as well as quarterly (Supplementary Table S5) 
outpatient follow-up for patient not on hydroxyurea, and a 
more frequent monitoring regime for patients on hydrox-
yurea, described in supplementary Table S5. For clinical 
events, we assumed the same treatment path and standard of 
care for all groups (Fig. 1 and Supplementary Fig. S1); how-
ever, the rates of hospitalizations and event-related blood 
transfusions (Table 1) were subject to treatment effects (Sup-
plementary Table S3).

For patients who suffered a stroke, we assigned chronic 
blood transfusions received every 3–4 weeks (Table 1), 
as recommended for secondary stroke prevention at the 
MHSCC (Mulago Hospital Sickle Cell Clinic, Kampala, 
Uganda, unpublished guidelines). MHSCC guidelines 
allow for discontinuation of chronic blood transfusion 
after 6 months if patients receive hydroxyurea, which we 
accounted for. To not overestimate the use of blood products, 
we assumed that 80% ( ±20% ) of patients adhered to their 

stroke prophylaxis and varied this between 50% and 100% 
in deterministic sensitivity analyses.

2.3  Model Overview

We constructed a discrete-event simulation (DES) model 
using TreeAge Pro 2021. DES is a flexible technique to 
simulate sequences of health-related events for individual 
patients [22]. For each arm, the model predicts costs, disa-
bility-adjusted life years (DALYs), and blood consumption. 
We assigned a most likely starting age of 2.2 years [7], with 
minimum and maximum starting age of 9 months [12] and 
4 years [7], respectively (Table 1). Due to limited available 
data on disease progression, treatment costs, and interven-
tion effectiveness for adults with SCA in SSA—since most 
patients have not survived childhood—we ended our base 
case simulation at age 18 years [23]. However, to account for 
potential longer-term impacts, we conducted a limited sce-
nario analysis with an extended time horizon. This approach 
aims to provide a comprehensive understanding of the dis-
ease burden, given the current state of knowledge.

Briefly, the model captures life-threatening and non-
life-threatening clinical events (Fig. 1). These events may 
lead to a clinic visit, hospitalization, and/or an event-related 

Fig. 1  Overview of the discrete event simulation model. All arms of 
the model—sickle cell anemia (SCA) treatment without hydroxyu-
rea, fixed-dose hydroxyurea, and hydroxyurea escalated to the maxi-
mum  tolerated dose—have the same structure, as illustrated. Boxes 
with solid lines illustrate health states, while boxes with dashed 
lines illustrate events. Black arrows indicate an event within a health 
state, green arrows indicate assignment of a (new) health state after 
an event, and red arrows indicate death. In accordance with Mulago 

Hospital guidelines (unpublished), we assume that the clinic pro-
vides a secondary stroke prophylaxis with blood transfusions every 
3–4  weeks, terminated after 4–6  months for patients that receive 
hydroxyurea. The model assumes probabilities of surviving three 
recurrent strokes, each time with an increase in baseline disutility, 
and that a fourth stroke always will be deadly. OPT outpatient treat-
ment
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Table 1  Key input parameters used in the base case analysis

Parameter Value Range Distribution Source

Costs (US$)
 Outpatient visit 13.91 ±20% Gamma Primary data
 Transfusion
  Per mL blood 0.18 Point estimate N/A UBTS
  Transfusion set 0.19 ±20% Gamma [24]

 Hospitalization, per bed day 33.95 ±20% Gamma [25]
 Monitoring, SCA care without hydroxyurea, annual 91.91 ±20% Gamma Supplementary Table S5
 Monitoring, hydroxyurea, fixed dose
  First year 183.82 ±20% Gamma Supplementary Table S5
  Subsequent years 104.00 ±20% Gamma Supplementary Table S5

 Monitoring, hydroxyurea, MTD
  First year 203.77 ±20% Gamma Supplementary Table S5
  Subsequent years 104.00 ±20% Gamma Supplementary Table S5

 Folic acid (5 mg) 0.01 ±20% Gamma [26]
 Sulphadoxine/pirimetamine (500 + 25 mg) 0.08 ±20% Gamma [26]
 Penicillin (250 mg) 0.02 ±20% Gamma [26]
 Hydroxyurea (500 mg)a 0.24 Point estimate N/A [27]
 Discount rate,  costsa 0.03 Point estimate N/A [28]

Disability  weightsb

 Non-life-threatening event
  Not requiring clinical visit 0.125 0.084–0.178 Beta [29]
  Requiring outpatient treatment 0.333 0.231–0.448 Beta [29]
  Requiring hospitalization 0.431 0.309–0.562 Beta [29]

 Life-threatening event 0.562 ±20% Beta [29]
 Long-term outcomes
  SCA without ongoing event 0.063 0.040–0.097 Beta [29]
  Long-term outcomes post first stroke 0.139 0.092–0.187 Beta [29]
  Long-term outcomes post second stroke 0.382 0.260–0.497 Beta [29]
  Long-term outcomes post third stroke 0.570 0.394–0.729 Beta [29]

 Discount rate, health  outcomesa 0.03 Point estimate N/A [28]
Probabilities
 Probability that a minor  eventc requires clinical  carea 0.90 0.70–1.00 Beta Assumption, based on [9]
 Probability of follow-up visit after a clinical event 0.50 0.2–0.80 Uniform Assumption
 Probability that event is life threatening 0.027 0.022–0.032 Uniform [8]
 Probability of dying from a life-threatening event (not including strokes) 0.30 0.24–0.36 Uniform [8]

Stroke related
 TCD distribution
  Normal TCD 0.833 N/A N/A [30]
  Conditional TCD 0.106 0.08–0.28 Beta [30]
  Abnormal 0.061 0.03–0.101 Beta [30]

 Risk of recurrent stroke, annual rates
  If not on blood transfusions or hydroxyurea 0.29 0.15–0.44 log norm [31]
  If adhering to blood transfusions 0.02 0.01–0.03 log norm [31]
  If on hydroxyurea, fixed dose or MTD 0.04 0.02–0.06 Log Norm [31]

 Probability of dying from stroke
  First stroke 0.15 0.10–0.20 Uniform Assumption
  Relative risk, per recurring stroke 2.00 1.50–2.50 Uniform Assumption

Clinical interventions
 Hospitalizations, annual rate
  Age < 1 year 0.27 ±20% log norm [32] adjusted to [33]
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blood transfusion (i.e., transfusions other than prophylaxis 
for secondary stroke). We assumed that life-threatening 
events always prompt admission to in-patient care. Apart 
from recurring clinical events, the model accounts for both 
primary and secondary strokes (Fig. 1); whereas each stroke 
prompts the transition to a worse health state and a chronic 
or 6 month long transfusion program. Finally, we assumed 
that patients may die from strokes and other SCA or non-
SCA-related causes (Fig. 1).

2.4  Statistical Inputs

We derived baseline event rates primarily from region-spe-
cific data that we extrapolated across age groups with data 
from a high-income setting (Supplementary Tables S1–S2). 
We incorporated the efficacy of hydroxyurea mainly as rate 
ratios (Supplementary Table S3), except for strokes, where 
we used a stepwise approach. The steps cover the follow-
ing presumptions: First, the main risk factor for strokes in 
children with SCA is the narrowing of large intracranial 
arteries [35]. This elevates the blood flow velocities of the 
affected arteries, which is detectable by TCD ultrasonogra-
phy [35]. Second, the TCD-detected velocities can be strati-
fied into normal (< 170 cm/s), conditional (170–199 cm/s), 

or abnormal levels (≥ 200 cm/s)—with conditional and 
abnormal velocities being associated with the highest risk of 
stroke [35]. Third, hydroxyurea normalizes TCD velocities 
and thus reduces the risk of stroke in children with SCA [13, 
36]. Therefore, to predict stroke risk in each treatment arm, 
we combined data on the distribution of TCD categories in 
SSA [30] (Table 1) and the influence of hydroxyurea on the 
conversion of risk (Supplementary Table S3) [13, 36], with 
estimated stroke rates for each risk category (Supplemen-
tary Table S2). We provide further descriptions of baseline 
inputs and hydroxyurea treatment effects in the Supplemen-
tary Materials.

2.5  Costs

We collected cost data for outpatient services at the MHSCC 
in Kampala, Uganda, between November 2019 and January 
2020 (Table 1, Supplementary Fig. S1, and Table S4), com-
plemented with unit costs of in-patient care and centralized 
laboratory testing from the literature (Table 1 and Supple-
mentary Table S5). With an ingredients approach [37], we 
estimated resources consumed in 2018 and 2019. We valued 
all local resources in Ugandan shillings, and present costs in 
2021 US dollars, using the mean exchange rate for 2021 of 

N/A not applicable, UBTS Uganda Blood Transfusion Services, SCA sickle cell anemia, MTD maximum tolerated dose, TCD transcranial Dop-
pler ultrasound
a Uncertainty ranges, or wider uncertainty ranges, were explored in univariate sensitivity analysis
b Combined disability weights; definitions and calculations described in the Appendix
c Non-life-threatening events without transfusions and hospitalizations were defined as minor events
d One transfusion never exceeds 450 mL

Table 1  (continued)

Parameter Value Range Distribution Source

  Age > 1 year 0.68 ±20% log norm [32]
 Event-related transfusions, annual rate
  Age < 1 year 0.09 ±20% log norm [32] adjusted to [33]
  Age > 1 year 0.38 ±20% log norm [32]

General
 Start age 2.2 0.75–3.99 N/A [7]
 Hydroxyurea dose, fixed dose, mg/kg (mean [ ± SD]) 19.2 ±1.8 Normal [9]
 Hydroxyurea dose, MTD mg/kg (mean [ ± SD]) 29.5 ±3.6 Normal [9]
 Transfusion dose, mL/kg (likeliest [min-max])d 17 15–20 PERT Mulago hospital guidelines
 Adherence to transfusion in secondary stroke  preventiona 80% ±20% Uniform Assumption
 Frequency of blood transfusions in secondary stroke prevention, interval in 

weeks
3.5 3–4 Uniform Mulago hospital guidelines

 Bed days for in-patient treatment 5.1 ±20% Gamma [34]
 Bed days for in-patient treatment of serious adverse events 7 ±20% Gamma Assumption
 Days of increased disability during SCA events not requiring hospitaliza-

tion
5 2–14 PERT Assumption

 Days of increased disability during SCA events requiring hospitalization 7 5–20 PERT Assumption
 Days of increased disability during life-threatening events 14 7–30 PERT Assumption
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3587 UGX [38]. We provide a full description of the costing 
methodology in chapter 2 of the electronic supplementary 
material.

We determined the price of hydroxyurea with an inter-
national reference price of US$ 0.24 per 500 mg [27], and 
we assigned unit costs to MHSCC guidelines and study pro-
tocols [9] to establish monitoring costs (Table 1 and Sup-
plementary Table S5). We based the cost of blood transfu-
sions of US$ 0.18 per mL whole blood on estimates from 
the Uganda Blood Transfusion Services (UBTS) (personal 
communication with Dr. Dorothy Kyeyune-Byabazaire, 
Executive Director of the UBTS, October 2021); their esti-
mates comprised the costs of administration, procurement, 
processing, and distribution of one unit of whole blood. We 
accounted for the cost of transfusions given during acute 
events and in secondary stroke prevention (Table 1 and 
Fig. 1).

2.6  Effectiveness Outcomes

We measured effectiveness as DALYs averted because this 
outcome is comparable across diseases [39]. The model 
estimated DALYs as the sum of years lived with disability 
(YLD) and years of life lost (YLL) [39]. In our base case 
analysis, YLL comprised years between the age at death 
and the age of 18 years. In sensitivity analyses, we consid-
ered deaths before ages 10 years, up until Uganda’s national 
life expectancy of 62.85 [40] years as premature, and thus 
YLL. YLD was estimated using disability weights (Table 1; 
Supplementary Tables S7–S8), and information about event 
durations (Table 1). We did not include age weighting [41]. 
We estimated mean units (450 mL per unit) of blood saved 
by the health care provider as a secondary outcome.

2.7  Discounting of Future Costs and Health 
Outcomes

We discounted DALYs and costs at an annual rate of 3%, as 
this has long been an established practice for cost-effective-
ness analyses in global health [42]. Since this discount rate 
is based on guidelines for a high-income setting, and global 
consensus for discounting is non-existing, we included alter-
native discount rates (0–6%) for both costs and DALYs in 
one-way sensitivity analyses [43]. These alternatives would 
account for higher discount rates for costs that have been 
suggested in a low-income setting like Uganda [42]. We did 
not discount the consumption of blood units [28].

2.8  Cost‑Effectiveness Analysis

We considered the cost-effectiveness of interventions by 
estimating and comparing their incremental cost-effec-
tiveness ratios (ICERs) [37]. When comparing ICERs, we 

excluded dominated strategies—i.e., strategies that were 
more costly and less effective than their alternatives [37]. 
We compared the cost-effectiveness of undominated strate-
gies to thresholds suggested by the WHO, where an ICER 
within one times the GDP per capita (US$ 858 in 2021) is 
considered highly cost-effective and an ICER between one 
and three times the GDP per capita is defined as cost-effec-
tive [44]. We did also consider a conservative range of WTP 
thresholds, from 17% to 22% of GDP per capita, suggested 
for Uganda by Ochalek et al. [45]. We used GraphPad Prism, 
version 9.2.0 (San Diego, California USA), to present our 
outcomes graphically.

2.9  Uncertainty and Sensitivity Analyses

We estimated our outcomes probabilistically in a micro-
simulation with two nested loops [46]. In the outer loop, 
model parameters were resampled 1000 times, with 
10,000 patient-level iterations in the inner loop per sam-
ple. We approximated parameter distributions for the 
outer loop using the method of moments [46], applying 
uncertainty ranges from the literature. For parameters 
where empirical ranges were not available, we generally 
assumed ranges of ± 20% [46] or, with a few exceptions 
where wider ranges were considered appropriate (Table 1 
and Supplementary Table S2).

We explored the sensitivity to individual parameters 
by one-way sensitivity analyses [46], determining range 
widths in the same way as in PSA. For the hydroxyu-
rea drug price, we deemed ± 20% of the international 
reference price as appropriate—a range that would also 
cover unit costs for hydroxyurea indicated by the Ugan-
dan Ministry of Health (MoH) [47], with and without 
adjustments for 10% shipping costs as recommended by 
Management Sciences for Health in their International 
Medical Products Price Guide [26]. For blood products, 
we explored the influence of a lower cost estimate from 
literature [48] and a ± 20% increase to the base case that 
the UBTS provided. Additionally, to identify what unit 
costs of hydroxyurea and blood products that would alter 
conclusions about cost-effectiveness, we also conducted 
unit cost threshold analyses.

In an exploratory scenario analysis, we extended the 
time horizon of the model to 62.85 years of age—the 
average life expectancy in Uganda [40]—to investigate 
the potential impact of longer-term disease progression 
and treatment costs on our results. We did not make any 
further assumptions about changes in parameters beyond 
the age of 18 years.

Throughout the study process, we validated the struc-
ture and outcomes of our model in collaboration with 
clinical experts within our group. This validation pro-
cess involved rigorous assessment and refinement to 
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ensure that the assumptions and calculations utilized in 
the model align with the clinical context. The technical 
properties of the model were validated by inspecting that 
changes in parameter values were reflected in the output 
according to theoretical expectations.

3  Results

3.1  Base Case Analysis

In the base case scenario, hydroxyurea administered at MTD 
averted more DALYs and was less costly than the two alter-
native interventions and was therefore the dominant strat-
egy (Table 2). Compared with SCA care without hydroxyu-
rea, MTD averted 1.37 DALYs while saving US$ 191 per 
patient. In comparison, fixed-dose treatment incurred US$ 
2 extra cost per patient and averted 0.80 DALYs relative 
to SCA care with no hydroxyurea. Treatment with MTD 
averted an expected (95% CI) 11.2 (11.2–11.4) units of 
blood, while fixed-dose hydroxyurea averted 9.1 (9.0–9.2) 
units (Fig. 2 and Table 2). The mean time horizon amounted 
to 15.74 years.

3.2  Probabilistic Sensitivity Analysis

We illustrate the overall uncertainty in our estimates through 
an incremental cost-effectiveness scatter plot (Fig. 3). For 
all iterations, the cost-effectiveness pairs of both MTD and 
fixed dose were within a WTP threshold of one GDP per 
capita when compared individually with SCA care without 
hydroxyurea. In 77% of the samples, MTD was both more 
effective and less costly than no hydroxyurea, compared with 
47% for fixed dose (Fig. 3). Conclusions about cost-effec-
tiveness were robust to lower levels of WTP, and the MTD 
strategy had 95–98% probabilities of being cost-effective at 
conservative WTP thresholds of 17–22% of GDP, respec-
tively (supplementary Fig. S2) [45].

3.3  One‑Way Sensitivity Analyses

One-way sensitivity analyses show that the drug price of 
hydroxyurea was the most influential single parameter, but 
it did not have potential to increase the ICER of hydroxyu-
rea at MTD, compared with SCA care without hydroxyu-
rea, beyond a WTP threshold of GDP per capita per DALY 
averted (Fig. 4). The ICER was also sensitive to hydroxyurea 
monitoring costs, as well as our choice of benchmark age for 
premature death, but none of these parameters could reverse 
a conclusion about cost-effectiveness (Fig. 4 and Supple-
mentary Fig. S4). Lastly, no realistic variation of any other 
parameter had the potential to push the ICER above a WTP 
threshold of one times GDP per capita per DALY averted.

3.4  Price Threshold Analyses

The threshold analyses for drug price showed that hydroxyu-
rea at the MTD was more cost-effective than no hydroxyurea 
if the cost of hydroxyurea did not exceed US$ 0.36 (Supple-
mentary Table S9). For blood transfusions, the intervention 
became more cost-effective as the cost of blood increased 
(Fig. 4) and remained cost-effective at a one times GDP per 
capita per DALY averted WTP threshold for the entire range 
of unit price of blood. However, at WTP thresholds of 17% 
and 22% of the GDP per capita, hydroxyurea at the MTD 
was cost-effective with blood unit prices of minimum US$ 
14 and US$ 4, respectively (supplementary Table S9).

3.5  Alternative Time‑Horizon

In the alternative scenario analysis using Uganda’s national 
life expectancy of 62.85 years [49] as the time horizon, 
hydroxyurea at MTD remained the most effective interven-
tion (Supplementary Table S10). However, the strategy had 
changed from being the least costly in the base case scenario 
with an 18 year time horizon to become the most costly, 
and consequently was no longer dominant (Supplementary 

Table 2  Expected outcomes per person. We report incremental values 
relative to the previous less effective strategy. If the next most-effec-
tive strategy was dominated—being less effective and more costly 

than an alternative strategy—we compared incremental values to the 
null intervention (sickle cell anemia care without hydroxyurea)

SCA sickle cell anemia, ICER incremental cost-effectiveness ratio, DALYs disability-adjusted life years
a Costs are presented in US$
b Blood consumption was not discounted and is presented as number of 450 mL units

Strategy Costsa Incremental 
costs

DALYs DALYs averted ICER Blood 
 consumedb

Blood consump-
tion averted (95% 
CI)

SCA care without hydroxyurea 3707 0 3.67 0.00 Dominated 14.8 0
Hydroxyurea fixed dose 3709 2 2.87 0.80 Dominated 5.7 9.1 (9.0–9.3)
Hydroxyurea at the maximum tol-

erated dose
3516 –191 2.30 1.37 Dominant 3.6 11.2 (11.1–11.4)
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Table S10). Fixed-dose hydroxyurea had a higher probability 
than MTD of being cost-effective below a US$ 304 thresh-
old, while care without hydroxyurea had the highest prob-
ability of being cost-effective at a WTP between US$ 0 and 
US$ 223 (Supplementary Fig. S5 and Table S10).

4  Discussion

Using a DES model, we showed that providing hydroxyu-
rea for patients that receive SCA care in a low-income SSA 
setting has a very high probability of being cost-effective. 
Simultaneously, hydroxyurea can substantially reduce the 
need for blood transfusions, which are a particularly scarce 
resource. We found that hydroxyurea given at the MTD was 
the preferred dosing strategy at all levels of WTP, because it 
saves resources while averting more DALYs compared with 
both alternatives.

This is the first cost-effectiveness analysis of hydroxyurea 
in a low-income setting in Africa; however, our findings are 
consistent with outcomes from wealthier countries. In the 
USA, increased monitoring costs induced by hydroxyurea 
were outweighed by reductions in acute care, particularly 

hospitalizations [17, 18]. In Uganda, since treatment costs 
are only a fraction of those in high-income countries, the 
costs for hydroxyurea and monitoring has higher influ-
ence (Fig. 4) [17, 18]. This is supported by evidence from 
Jamaica, where hydroxyurea was found to be a cost-effec-
tive although not a cost-saving means to prevent recurring 
strokes in children with SCA [50]. Here, annual monitoring 
costs per patient were more than 11 times higher for patients 
on hydroxyurea compared with the non-hydroxyurea group, 
which the authors acknowledged as excessive and likely to 
become lower as monitoring frequencies are reduced, com-
pared with more recent monitoring protocols such as those 
we used (supplementary Table S5) [50].

If annual monitoring costs are higher with an MTD strat-
egy than with a fixed-dose regimen, the probability of MTD 
being dominant will be lower (Supplementary Fig. S4). This 
seems unrealistic since dose escalation efforts are limited 
to the drug initiation phase (Supplementary Table S5). 
Nonetheless, decision-makers should consider exploring 
circumstances in which additional monitoring necessary 
for full-dose escalation might not be feasible, for example, 
in rural settings with high costs for transporting laboratory 
tests. In such situations, where achieving MTD is not feasi-
ble, a fixed-dose variant could be recommended as a cost-
effective option, although some laboratory monitoring would 
still be required. At the same time, personnel costs are by 
far the highest expense in SCA treatment (Supplementary 
Table S4), which is consistent with findings from Kenya 
[51]. Additional costs can therefore partially be overcome by 
task shifting—reallocating tasks typically conducted by spe-
cialists to other less costly health workers [52]. Nevertheless, 
our findings indicate that, at conventional assumptions about 
the WTP, one can tolerate higher monitoring costs (Supple-
mentary Fig. S4). However, cost-efficient monitoring strate-
gies with simplified dosing protocols, as have been called 
for [9, 53], should increase the probability that hydroxyurea 
at MTD is the dominant strategy.

While pragmatic strategies can reduce monitoring costs 
associated with SCA treatment, the drug pricing is influ-
enced by factors beyond the control of health services. We 
find that when the price per 500 mg hydroxyurea exceeds 
US$ 0.36, hydroxyurea is no longer cost-effective, with a 
WTP of one GDP per capita (Supplementary Table S9). 
With conservative assumptions about WTP, the results are 
even more sensitive to drug prices. Although it is not clear 
what the costs of hydroxyurea procurement, including ship-
ping and other overheads, could become for the provider, 
the combined costs may exceed what the MoH expects 
[47]. However, in Tanzania, the drug became substantially 
cheaper when produced generically in-country, at a cost of 
US$ 0.09 per 500 mg [27]. With such prices, the net savings 
per patient should be even larger than in our base case sce-
nario. This underlines previous calls for fair drug pricing and 

Fig. 2  Violin plot showing the frequency distribution of blood con-
sumed in each treatment group over an average time horizon of 
15.74 years—i.e., starting the simulation from a likely (minimum to 
maximum) age of 2.2 (0.75–3.99) years and stopping at an age of 
18  years. The width of each plot is proportional to the probability 
density. Dashed lines represent the medians, and dotted lines repre-
sent quartiles. Median units of blood consumed (interquartile range) 
per patient was 14.3 (12.7–16.5) without hydroxyurea, 5.6 (5.1–6.1) 
with hydroxyurea at a fixed dose, and 3.5 (3.2–3.8) with hydroxyurea 
escalated to the maximum tolerated dose
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Fig. 3  Incremental cost-effectiveness scatter plots from 1000 sam-
ples that compared each hydroxyurea strategy (fixed dose and with 
escalation to the maximum tolerated dose) to the comparator strategy 
(sickle cell anemia care without hydroxyurea). Each sample plot rep-

resents the ratio of expected incremental US$ over disability-adjusted 
life years averted per patient. The observations are compared to a 
willingness to pay (WTP)-threshold equal to Uganda’s gross domestic 
product per capita [44]

-400 -300 -200 -100 0 100 200

EV: -105

Disability-adjusted life years discount rate (0.06 to 0.00)

Cost discount rate (0.06 to 0.00)

Rate ratio of hospitalisations (0.13 to 0.34)

***Probability that a minor event requiries OP-visit (1.00 to 0.50)

Baseline proportion with TAMM 170 to 199 cm/s (0.08 to 0.28)

Baseline proportion with TAMM ≥ 200 cm/s (0.101 to 0.03)

Probability of dying from a life-threatening event (0.24 to 0.36)

Cost per unit of blood, US$ (97 to 45)

**Adherence to CBT (100% to 50%)

Baseline rate of hospitalisations (+20% to -20%)

Cost of hospitalisations (+20% to -20%)

Benchmark age for premature death (62.85 to 10.00 yrs.)

*Cost of hydroxyurea monitoring with escalation (+20% to -20%)

Cost per 500 mg hydroxyurea, US$ (+20% to -20%)

ICER (US$ per disability-adjusted life year averted)

(-20% to +20%)

(-20% to +20%)

(10.00 to 62.85 yrs.)

(+20% to -20%)

(+20% to -20%)

(100% to 50%)

(97 to 45)

(0.24 to 0.36)

 (0.10 to 0.03) 

(0.28 to 0.08)

(1.00 to 0.50)

(0.13 to 0.34)

(0.06 to 0.00)

(0.06 to 0.00)

Fig. 4  Tornado diagram of the dominating strategy (hydroxyurea 
with escalation to maximum tolerated dose) versus the null inter-
vention (sickle cell anemia care without hydroxyurea). The width of 
each bar represents the changes to the incremental cost-effectiveness 
ratio (ICER) caused by changes to the parameters listed along the y 
axis. We provide the uncertainty ranges in parentheses. All negative 
ICERs represent domination (i.e., superior health effect at a lower 
cost). EV expected value with base case assumptions, not including 

probabilistic sensitivity analysis. *Annual cost of monitoring with 
escalation relative to annual cost of monitoring with fixed-dose inter-
vention, after initial year (drug-escalation period). **Adherence to 
chronic blood transfusions for patients in secondary stroke preven-
tion. ***Outpatient visits for non-life-threatening events that do not 
require transfusion and/or hospitalization. TAMM time-averaged 
mean of the maximum velocities in both cerebral hemispheres
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cost-efficient infrastructures for delivering and administering 
hydroxyurea [5, 27, 53].

We assume that many of the barriers outlined by the 
WHO regional committee for Africa [5, 6], which Power-
Hays and Ware have elaborated on [53], have been over-
come. Importantly, we assume that follow-up is consistently 
provided and adhered to, which arguably appears unrealis-
tic in many non-trial settings at this point [32]. While this 
challenge is not limited to a lack of specialized services, 
developing infrastructures to accommodate patients with 
SCA has been slow [6, 53]. This challenge must be over-
come as access to neonatal screening (NBS) is emerging 
[1]. Although NBS programs in SSA are likely to be cost-
effective in all countries with a high burden of SCA, the 
expansion of screening will increase the number of patients 
diagnosed with SCA at a higher rate than the general popu-
lation growth and may substantially increase health care 
costs [54]. Consequently, hydroxyurea should be a part of a 
broader strategy for comprehensive management of SCA in 
a growing population of patients diagnosed with the disease 
[6, 53].

With more patients with SCA requiring specialized ser-
vices [1], it is important to consider the potential increased 
demand for blood transfusions. Our finding that hydroxyurea 
should substantially reduce blood consumption has impor-
tant implications for other non-SCA patients who often 
urgently require blood, such as children with severe anemia, 
women with postpartum hemorrhage, and people involved in 
traffic accidents [19]. Moreover, fewer transfusions are both 
indicators of health improvements for patients with SCA [1], 
and reduced exposure to the risk of transfusions-transmis-
sible infections [19]. While the Uganda Blood Transfusion 
Services aim to raise their quality of production toward an 
international standard, these measures will probably increase 
the costs of blood, driving prices beyond our assumption 
[19]. Overall, reducing blood consumption may represent 
economical and health-related benefits across the health sys-
tem beyond our estimates.

4.1  Methodological Limitations

There were several methodological limitations to this study. 
First, to extrapolate age-specific event rates (supplementary 
Table S1), we had to use data from large cohorts in the USA 
[55–58], since longitudinal data from the current region are 
limited [23]. We therefore used studies before treatment with 
hydroxyurea was implemented in the USA, to better resem-
ble our study setting. However, variations in the extrapo-
lated event rates did not influence the ICER enough to be 
included in Fig. 4, and thus would not alter our conclusion. 
Clinical parameters that had meaningful influence on our 

results—transfusion and hospitalizations, as well as stroke 
risk and other life-threatening events, were region specific 
[8, 30–33].

Second, by adopting a provider’s perspective, our esti-
mates should have high relevance for priorities within the 
health care system, but not when considering society as a 
whole [20]. We acknowledge recommendations to consider 
costs based on the societal perspective [28]; however, an 
International Society for Pharmacoeconomics and Outcomes 
Research (ISPOR) special task force have specified that “a 
valid and informative CEA could be conducted from the 
perspective of any [relevant] stakeholders, depending on the 
purpose of the analysis” [20]. The current findings can be 
used to prioritize within the health care sector when ask-
ing how healthcare, as opposed to society, should be organ-
ized to maximize health [20]. It may add value if future 
studies estimate the economic impact of interventions that 
target SCA in SSA beyond the health sector [59]. This is 
particularly important since most patients reside in rural 
low-income areas [1], where the frequent and severe pres-
entation of SCA—consuming time and funds of patients, 
their caretakers, and communities—can pose a substantial 
opportunity cost [15, 60].

Third, our choice of time horizon of 18 years for the base 
case analysis ignores outcomes in the longer term, i.e., life-
time horizon. However, given the limited data on disease 
progression and treatment of adults with SCA in SSA, we 
believe that our findings represent a conservative estimate 
of hydroxyurea’s impact on health outcomes and costs for 
the young population with SCA. We did, however, conduct a 
scenario analysis with a longer time horizon of 62.85 years, 
which assumes constant input parameters beyond the age 
of 18 years in the absence of better evidence. This analysis 
should be interpreted with caution, as it does not build on 
valid statistics but on a crude assumption about continuous 
costs and effectiveness of all treatment alternatives. More-
over, factors such as changes in treatment guidelines and 
health and technological advances may impact the future 
outcomes in the next couple of decades.

Finally, we considered costs at the clinic level at a national 
referral hospital—at the level where new strategies for SCA 
are likely to be implemented first—and believe these have 
high internal validity. Since we based inpatient care costs 
on literature information, these are potentially less valid for 
our specific context. A costing study that covers a broader 
range of SCA clinics might have further strengthened the 
economic evidence, and future research should consider 
this in association with a budget impact study. Moreover, 
a budget impact study should also account for the scale-
up of comprehensive services, including hydroxyurea, for 
SCA, and should estimate the economic consequences of 
providing SCA care within lower-level health care facilities 
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outside the urban areas. While our findings suggest that the 
cost-effectiveness of hydroxyurea is robust for relatively 
large variations in costs, it is not clear what the combined 
investments of a scale-up would entail.

5  Conclusions

Provided at the MTD through a feasible dose escalation 
strategy, hydroxyurea has a very high probability of being 
cost-effective in a low-income SSA setting such as Uganda. 
The cost-effectiveness is sensitive to the cost of hydroxyu-
rea, but within realistic ranges of prices, hydroxyurea as rou-
tine care is likely to be cost saving and to improve quality 
of life through decreased illness, pain crises, transfusions, 
and hospitalizations. Simultaneously, the implementation of 
hydroxyurea will reduce expected need for blood transfu-
sions, which allows a vital but limited resource to be more 
readily available for patients in need of transfusion.
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