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Parasite Clearance and Artemether Pharmacokinetics 
Parameters Over the Course of Artemether-Lumefantrine 
Treatment for Malaria in Human Immunodeficiency Virus 
(HIV)-Infected and HIV-Uninfected Ugandan Children
Richard Kajubi,1,a Liusheng Huang,2,a Moses Were,1 Sylvia Kiconco,2 Fangyong Li,3 Florence Marzan,2 David Gingrich,2 Myaing M. Nyunt,4  
Joshua Ssebuliba,1 Norah Mwebaza,1 Francesca T. Aweeka,2 and Sunil Parikh,3

1Infectious Disease Research Collaboration, Kampala, Uganda; 2University of California-San Francisco, San Francisco General Hospital; 3Yale University School of Public Health and Medicine,  
New Haven, Connecticut; 4Institute for Global Health, University of Maryland Baltimore School of Medicine

Background.  Artemisinins are primarily responsible for initial parasite clearance. Antimalarial pharmacokinetics (PK), human 
immunodeficiency virus (HIV) infection, and antiretroviral therapy have been shown to impact treatment outcomes, although their 
impact on early parasite clearance in children has not been well characterized.

Methods.  Parasite clearance parameters were generated from twice-daily blood smears in HIV-infected and HIV-uninfected 
Ugandan children treated with artemether-lumefantrine (AL). Artemether and dihydroartemisinin (DHA) area-under-the-curve 
from 0–8 hours (AUC0-8hr) after the 1st AL dose was compared with AUC0-8hr after the last (6th) dose in a concurrently enrolled 
cohort. The association between post-1st dose artemisinin AUC0-8hr and parasite clearance was assessed.

Results.  Parasite clearance was longer in HIV-infected versus HIV-uninfected children (median, 3.5 vs 2.8 hours; P  =  .003). 
Artemether AUC0-8hr was 3- to 4-fold lower after the 6th dose versus the 1st dose of AL in HIV-infected children on nevirapine- or 
lopinavir/ritionavir-based regimens and in HIV-uninfected children (P ≤ .002, 1st vs 6th-dose comparisons). Children on efavirenz 
exhibited combined post-1st dose artemether/DHA exposure that was significantly lower than those on lopinavir/ritonavir and HIV-
uninfected children. Multiple regression analysis supported that the effect of artemether/DHA exposure on parasite clearance was 
significantly moderated by HIV status.

Conclusions.  Parasite clearance rates remain rapid in Uganda and were not found to associate with PK exposure. However, signif-
icant decreases in artemisinin PK with repeated dosing in nearly all children, coupled with small, but significant increase in parasite 
clearance half-life in those with HIV, may have important implications for AL efficacy, particularly because reports of artemisinin 
resistance are increasing.

Keywords.   antimalarial; antiretroviral; artemisinin combination therapy; HIV; malaria.

Artemisinin compounds are extremely effective antimalarials, 
reducing parasite burden by up ~10 000-fold per asexual par-
asite cycle [1]. However, due to the risk of recrudescence and 
resistance when used as monotherapy, artemisinins are primar-
ily used in combination with longer-acting partner drugs (arte-
misinin-based combination therapies [ACTs]), recommended 
as first-line antimalarial therapy since 2001 by the World Health 
Organization [2].

Unfortunately, resistance to artemisinins emerged on the 
Thai-Cambodia border, detected initially based on a pheno-
type of delayed clearance in peripheral blood parasitemia [3]. 
This is defined as a parasite clearance half-life of ≥5 hours after 
treatment with artesunate monotherapy or an ACT in a patient 
at a baseline parasite count of ≥10 000 parasites/mL [2, 4].  
Independent emergence and spread of artemisinin resistance 
has since been seen in Southeast Asia, although resistance has 
not yet been established in Africa [5, 6]. The discovery of muta-
tions in the Kelch 13 propeller region protein as a correlate to 
the delayed clearance phenotype has been a major advance; 
however, currently described mutations do not explain the 
delayed parasite clearance phenotype in all individuals, and, as 
such, it remains an important marker of artemisinin resistance 
[7, 8]. Moreover, our understanding of host, pharmacologic, 
and other parasite factors that can impact parasite clearance 
remains incomplete [4, 8–14].

The primary artemisinin derivatives in use are artemether 
and artesunate, with artemether-lumefantrine (AL) as the most 
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widely prescribed ACT worldwide. Artemisinin derivatives 
are converted into the active metabolite dihydroartemisinin 
(DHA), by cytochrome P450 (CYP) 3A4/5 and 2B6, and pos-
sibly CYP2A6 for artesunate [15–17], which in turn undergoes 
glucuronidation. Reductions in systemic exposure to artemis-
inins over the course of a standard twice-daily, 3-day malaria 
treatment regimen have been noted in the literature, findings 
ascribed to autoinduction of CYP3A4 metabolism or “disease 
effects” [18–20]. Artemisinin-based combination therapies are 
also subject to drug-drug interactions, particularly with HIV 
antiretroviral therapy (ART) [21]. After the last (6th) dose of 
AL, our group reported that efavirenz (EFV) and nevirapine 
(NVP), known CYP-inducers, and lopinavir/ritonavir (LPV/r), 
a potent CYP-inhibitor, dramatically decreases and increases 
artemether and lumefantrine exposure, respectively.

We hypothesized that post-1st dose artemisinin pharmacoki-
netic (PK) exposure may impact parasite clearance parameters. 
We further hypothesized that post-1st dose artemisinin PK and 
declines in artemisinin PK with repeated dosing will be mod-
ified in the setting of ART due to drug-drug interactions. To 
investigate this, we carried out intensive PK sampling after the 
initial dose of AL for uncomplicated malaria in HIV-uninfected 
and HIV-infected children on various ARTs, coupled with vali-
dated measures of parasite clearance.

METHODS

Study Area, Patients, and Clinical Management

This prospective PK and pharmacodynamics (PD) study of AL 
for the treatment of uncomplicated malaria in HIV-infected 
and HIV-uninfected children was conducted from August 2011 
to November 2014 in the high transmission intensity district of 
Tororo, Uganda [21]. All parents or guardians provided informed 
consent. Children ages 0.5–8 years were enrolled if eligibility cri-
teria were met (Supplementary Data). Children were enrolled 
into a “parasite clearance” cohort (providing 1st dose PK param-
eters and parasite clearance data) or a concurrent “intensive PK 
cohort” (providing 6th dose PK parameters only) [21]. Children 
had uncomplicated Plasmodium falciparum malaria confirmed 
by thick blood smear (regardless of parasite density) and docu-
mented or 24-hour fever history (≥38.0°C). Children received 
standard twice-daily, 6-dose, weight-based AL (Coartem 
Dispersible 20/120 mg; Novartis Pharma AG, Basel, Switzerland).

Parasite Clearance Estimation

In the parasite clearance cohort only, blood smears were col-
lected via capillary finger prick every 12 hours until docu-
mented clearance. Parasite densities from thick blood smears 
were calculated by counting the number of asexual parasites 
per 500 leukocytes, assuming a leukocyte count of 8000/µL, 
providing a detection limit of 16 parasites/µL [22, 23]. A smear 
was declared negative (below the limit of detection) when no 
asexual parasites were seen after counting 500 white blood cells. 

Smears were read by trained technicians, with discrepancies 
resolved by a third reader.

The statistical models used to estimate the parasite clearance 
measures and lag phase duration were fitted using the Parasite 
Clearance Estimator (PCE) developed by WWARN [22]. The 
parameters were estimated: parasite clearance half-life, parasite 
clearance rate constant (K/hour), and the estimated time (in hours) 
to reduce parasitemia by 50% (PC50), 90% (PC90), 95% (PC95), 
and 99% (PC99). The parasite clearance half-life is based on the 
linear slope of decline in loge parasitemia over time, and it is esti-
mated as loge(2)/clearance rate, as detailed by WWARN PCE tool 
[22]. Parasite clearance half-life is defined as the estimated time in 
hours for parasitemia to decrease by one half. Additional detail on 
the PCE methodology is described in reference 23.

Pharmacokinetic Methods and Statistical Analysis

For children in the parasite clearance cohort, PK sampling was 
post-1st dose (7 venous samples on day 0 at time 0 [predose], 
0.5, 1, 2, 3, 4, and 8 hours). For children in the concurrently 
enrolled intensive PK cohort, sampling was post-6th dose with 7 
venous samples timed as described above [19]. Concentrations of 
artemether and DHA were determined using liquid chromatogra-
phy tandem mass spectrometry, as previously described [24]. For 
both artemether and DHA, the calibration range was between 0.5 
and 200 ng/mL, the lower limit of quantification was 0.5 ng/mL, 
and the coefficient of variation was <10% for each analyte.

Noncompartmental analysis of plasma drug concentrations 
was performed using WinNonlin (version 6.30; Certara L.P. 
Pharsight Corporation, Mountain View, CA). Primary out-
comes were venous plasma PK parameters for artemether and 
DHA, including area-under-the-concentration versus time 
curve (AUC0-8hr), maximal concentration (Cmax), and time to Cmax 
(Tmax) (Supplementary Data). Data were analyzed using STATA 
version 14 (StataCorp, College Station, TX). The 1st dose PK 
(parasite clearance cohort) and post-last dose PK (intensive PK 
cohort) parameters were compared using a Wilcoxon rank-sum 
or χ2 test, as appropriate. Because both artemether and DHA 
are clinically active, a “combined artemisinin AUC”, defined as 
sum of artemether and DHA AUC0-8hr after a particular dose, 
was calculated. Linear regression on log-transformed parasite 
clearance half-life was performed and assessed the effects of 
covariates including HIV, parasite density at diagnosis, AUC for 
artemether or DHA or the combined artemisinin AUC, hemo-
globin at diagnosis (g/dL), and age. Interaction of HIV and AUC 
was also included to assess effect modification by HIV status.

RESULTS

Study Profile

Participants were screened for the parasite clearance cohort over 
the course of 328 episodes of malaria (Supplementary Data). Of 
these, n = 110 met entry criteria and were included in the final 
PK/PD analysis (27 HIV-uninfected/83 HIV-infected; Table 1). 

http://ofid.oxfordjournals.org/lookup/suppl/doi:10.1093/ofid/ofw217/-/DC1
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For the intensive PK cohort, n = 142 were included in the final 
artemether/DHA PK/PD analysis (51 HIV-uninfected and 91 
HIV-infected), as previously described (Supplementary Data) 
[21]. Children were comparable between cohorts (Table  1), 
although children on NVP had a higher baseline parasite den-
sity and children on LPV/r had a lower baseline hemoglobin in 
the parasite clearance versus intensive cohort.

Parasite Clearance

Of the n  =  110 participants in the parasite clearance cohort, 
n = 99 children had sufficient data to estimate parasite clearance 

parameters using the WWARN PCE [22]. Reasons for exclusion 
were insufficient blood smear data points (n  =  6) and initial 
parasitemia below 1000 parasites/µL (n = 5). Data points were 
sufficient for calculation of lag phase in 13 of 110 participants, 
and no outliers were detected [22].

Parasite clearance parameters are summarized in Table  1, 
and parasite clearance slope half-life distribution by HIV status 
is depicted in Figure 1. Parasite clearance half-life was signifi-
cantly longer in HIV-infected children on ART compared with 
HIV-uninfected children (median, 3.51 vs 2.80 hours; P = .003). 
Parasite clearance half-life and baseline parasite density were not 

Table 1.  Baseline Characteristics at Time of Malaria Diagnosis in Children Enrolled in the Parasite Clearance and Intensive Pharmacokinetics Cohort

Parasite Clearance Cohort (n = 110 Children)

Variable HIV-Uninfected

HIV-Infecteda

HIV-Infected Efavirenz-Based ART
Nevirapine- 
Based ART

Lopinavir/ 
Ritonavir-Based 

ART

n = 83 n = 27 n = 9 n = 8 n = 10

Age  
(median, years; range)

3.5 (1.1–7.9) 4.9 (2.3–6.7) 5.3 (3.3–6.3) 4.0 (2.3–5.8) 5.0 (2.4–6.7)

Weightb  
(median, kg; range)

13.7 (10.0–27.0) 16.5 (10.7–20.5) 17.5 (12.3–18.0) 12.6 (10.9–20.5) 17.0 (10.7–19.4)

Parasite density at diagnosis 
(geometric mean µL−1; 
95% CI)

14 387 (8893–23 273) 18 373 (7857–42 965) 22 628 (5483–93 386) 50 147 (19 791–127 062)* 6822 (987–47 176)

Gametocytes present at 
diagnosis

10.8% 18.5% 11.1% 37.5% 10.0%

Hemoglobin at diagnosis 
(median, g/dL; IQR)

10.9 (9.9–11.6) 10.7 (9.9–11.7) 10.4 (10.2–10.9) 10.0 (9.4–11.3) 11.5 (10.6–12)*

Total artemether dose 
(median, mg/kg; range)

11.4 (8.0–16.0) 12.7 (8.1–16.0) 13.3 (8.1–16.0) 11.0 (8.6–13.8) 13.0 (8.5–14.6)

Parasite clearance slope half-
life (median, hours; IQR)c

2.80 (2.38–3.36) 3.51 (2.98–4.03) 3.44 (3.04–4.01)d 3.59 (2.46–6.17)d 3.48 (2.40–4.03)

Intensive Pharmacokinetics Cohort (n = 142 Children)e

Variable HIV-Uninfected

HIV-Infected

HIV-Infected Efavirenz-Based ART Nevirapine- 
Based ART

Lopinavir/Ritonavir-
Based ART

n = 51 n = 91 n = 31 n = 30 n = 30

Age  
(median, years; range)

3.8 (1.4–7.7) 5.0 (1.4–8.6) 6.0 (3.1–8.6) 5.0 (1.4–8.0) 4.5 (1.6–7.8)

Weight
  (median, kg; range)

14.6 (9.8–26) 16.4 (7.7–30) 18.0 (11.4–25.1) 16.4 (8.5–30.0) 15.8 (7.7–23.4)

Parasite density at diag-
nosis (geometric mean 
µL−1; 95% CI)

11 956 (6708–21 309) 7742 (4777–12 549) 10 993 (4922–24 554) 7368 (2911–18 646) 5665 (2398–13 382)

Hemoglobin at diagnosis 
(median, g/dL; IQR)

11.6 (9.6–14.0) 10.4 (9.7–10.9) 12.4 (10.6–14.3) 12.2 (9.8–14.1) 13.1 (9.5–14.6)

Total artemether dose 
(median, mg/kg; range)

11.6 (8.1–16.0) 12.4 (8.2–16.0) 12.4 (8.4–16.0) 12.2 (8.3–15.4) 13.0 (8.2–15.9)

Abbreviations: ART, antiretroviral therapy; CI, confidence interval; HIV, human immunodeficiency virus; IQR, interquartile range; PK, pharmacokinetics.

NOTE: Children could only participate in each cohort for a single episode of malaria, and no episodes contributed data to both cohorts.

*Signifies that P value <.05 for comparison of parameter of interest between parasite clearance and intensive PK cohorts.
a96.6% of HIV-infected children were on daily trimethoprim-sulfamethoxazole prophylaxis.
bNote that children must have been ≥10 kg to be eligible for parasite clearance study enrollment, but could be ≥6 kg for intensive cohort enrollment.
cComparison parasite clearance slope half-lives of HIV-infected (n = 22) and HIV-uninfected children (n = 77), P = .003.
dn = 7 for parameter estimate.
eData from the intensive cohort has been previously published and is provided here to enable comparison between the demographics of the parasite clearance cohort.

http://ofid.oxfordjournals.org/lookup/suppl/doi:10.1093/ofid/ofw217/-/DC1
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significantly correlated (Pearson correlation r = 0.12; P = .22), 
and controlling for baseline parasite density, parasite clearance 
remained significantly different between HIV-infected and 
HIV-uninfected children (P = .0004). Other clearance parame-
ters (PC50, PC90, PC95, PC99) were also significantly different 
based on HIV status (Supplemental Table 1). Sample sizes were 
too small to assess differences in parasite clearance parameters 
among HIV-infected children on the 3 different ARTs.

Pharmacokinetics of Artemether and Dihydroartemisinin in Human 
Immunodeficiency Virus-Uninfected Children

Of the n  =  110 participants in the parasite clearance cohort, 
n  =  107 children had sufficient data to estimate 1 or more 
post-1st dose PK parameters for artemether and DHA. 
Pharmacokinetic parameters for the post-1st dose parasite 
clearance cohort and post-6th dose intensive PK cohort are in 
Table 2. Comparing post-6th dose to post-1st dose PK param-
eters of artemether in HIV-uninfected children, it is revealed 
that the Cmax decreased by approximately 4-fold and the AUC0-8hr  
by over 3-fold (P < .0001 for both) (Figure 2). In contrast, DHA 
exposure increased over the course of the dosing regimen, with 
a 1.2-fold increase in Cmax (P =  .001) and 1.8-fold increase in 
AUC0-8hr (P  =  .0003). Overall, the geometric mean-combined 
artemisinin AUC decreased by 39% from post-1st dose to post-
6th dose (558 versus 340 hr•ng/mL, respectively; P  =  .0001; 
Supplemental Table 2).

Pharmacokinetics of Artemether and Dihydroartemisinin in Human 
Immunodeficiency Virus-Infected Children on Antiretroviral Therapy

In HIV-infected children, exposure to artemisinins after the 1st 
dose of AL was different depending on the concomitant antiret-
roviral regimen (Table 2; Figure 2). For children on EFV- and 
NVP-based regimens, the post-1st dose AUC0-8hr for artemether 
is >6-fold and 3-fold lower than the post-1st dose AUC in 
HIV-uninfected children (P < .0001 and P < .001, respectively). 

The Cmax was also significantly lower for those on EFV- and 
NVP-based regimens after the 1st dose compared with HIV-
uninfected children.

Dihydroartemisinin exposure after the 1st dose of AL was 
~2-fold lower for those children on EFV-based regimens com-
pared with HIV-uninfected children (P  =  .03). For those on 
LPV/r-based regimens, no difference in exposure to artemether 
or DHA after the 1st dose of AL compared with HIV-uninfected 
children was seen (P = .97 and P = .61, respectively). None of 
the antiretroviral regimens significantly impacted Cmax values 
compared with HIV-uninfected children.

We also assessed whether the use of concomitant antiret-
rovirals affected the changes in artemisinin exposure over the 
treatment interval. For artemether, children on LPV/r- and 
NVP-based regimens both exhibited a 4-fold reduction in 
AUC0-8hr over the course of the treatment interval (P  =  .0002 
and P =  .002, respectively), as well as significant decreases in 
Cmax. However, for DHA, there were no significant changes in 
exposure (AUC or Cmax) over the treatment interval in children 
receiving antiretrovirals.

The combined artemisinin AUC was 46% lower in those 
on NVP, and 51% lower in those on LPV/r after the last dose, 
compared with after the 1st dose (Supplemental Table  2). 
Furthermore, although the combined AUC remained stable over 
the treatment interval for children on EFV, overall exposure to 
artemether plus DHA after the 1st dose of AL was significantly 
lower in children on EFV than exposure seen in HIV-uninfected 
children (P  <  .0001), children on LPV/r (P  =  .0096), but not 
children on NPV (P = .11) (Supplemental Table 2).

Determinants of Parasite Clearance

In simple regression analysis, a greater post-1st dose artemether 
AUC (P = .0498), but not DHA AUC (P = .80) or combined AUC 
(P = .08), was associated with faster parasite clearance (Table 3 
and Supplemental Table 3). Because parasite clearance half-life 
was significantly longer in HIV-infected children, and post-
1st dose exposure to artemether and DHA was significantly 
lower in HIV-infected children on ART compared with HIV-
uninfected children (P < .001), we further assessed whether the 
longer parasite clearance half-life in HIV-infected children was 
mediated by lower artemether AUC or DHA AUC. The inclu-
sion of artemether or DHA AUC in the regression model led 
to only a 1.6% and 4% change in the regression coefficient of 
HIV status, respectively, and the effect of artemether or DHA 
was insignificant in this model, suggesting that the effect of 
HIV status on parasite clearance was independent of post-1st 
dose artemether and DHA exposure. Furthermore, we assessed 
whether the association between artemisinin exposure and 
parasite clearance was modified by HIV status by examining 
the interaction effect of HIV and artemisinin AUC in multiple 
regression. In this analysis, a significant interaction was noted 
between HIV status and each PK exposure variable (artemether, 

Figure  1.  Kernal density distribution of parasite clearance slope-half life by 
human immunodeficiency virus (HIV) status. Median parasite clearance half-life 
was 3.51 vs 2.80 hours in HIV-infected and HIV-uninfected children, respectively 
(P = .003).

http://ofid.oxfordjournals.org/lookup/suppl/doi:10.1093/ofid/ofw217/-/DC1
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DHA, and the combined post-1st dose AUC; P = .039, P = .038, 
P  =  .016 for respective interaction terms), indicating that the 
relationship between drug exposure and parasite clearance was 
impacted by HIV status (Table 3, Supplemental Figure 1, and 
Supplemental Table  3). In HIV-uninfected children, a trend 
towards a decrease in parasite clearance half-life with increasing 
artemether AUC was seen (P = .09), compared with an upward 
trend in HIV-infected children (P = .19), although neither was 
statistically significant. Additional covariates, such as age, para-
site density, and hemoglobin at diagnosis, were not significantly 
associated with parasite clearance half-life. Sample sizes were 
too small to assess the interaction of HIV and PK in individual 
antiretroviral groups on parasite clearance.

DISCUSSION

Our results support previous reports of rapid rates of para-
site clearance in Africa after AL, indicating it is unlikely that 
artemisinin resistance had emerged at our site. However, our 
findings suggest other areas of concern: (1) HIV-infected chil-
dren demonstrate a slight, albeit significantly slower rate of 

early parasite clearance than HIV-uninfected children, inde-
pendent of baseline parasite density; (2) combined artemether 
and DHA exposure after the last AL dose is dramatically lower 
than after the first dose; and( 3) artemether and DHA expo-
sure are exceedingly low throughout the dosing regimen in 
children on EFV-based ART (compared with children not on 
ART or on NVP and LPV/r). Specifically, for HIV-infected 
children on EFV, this slower rate of parasite clearance, coupled 
with low artemisinin exposure throughout the dosing interval, 
places these children at risk of treatment failure. In addition, 
for almost all children, the dramatic declines in total artemis-
inin exposure over the treatment interval may put them at 
higher risk of failure. As noted by others, we further suggest 
that such low drug exposure, particularly coupled with altera-
tions in immunity (those with HIV), present conditions con-
ducive to the de novo selection and transmission of resistance 
[1, 21, 25].

In a recent meta-analysis of early parasitological response in 
African patients, independent predictors of day 3 smear positiv-
ity included higher baseline parasitemia, fever, severe anemia, 

Table 3.  Linear Regression Analysis on Log-Transformed Parasite Clearance Slope Half-Life

Covariate Unadjusted Coefficient ± SE P Value Adjusted Coefficient ± SE P Value

HIV Infection

Infected 0.211 ± 0.063 .001 0.038 ± 0.106 .72

Uninfected Ref Ref

Artemether AUC (unit = 100 hr•ng/mL) −0.019 ± 0.01 .0498 0.039 ± 0.023 .09

HIV* artemether AUC interaction 0.053 ± 0.025 .037

Age (years) 0.013 ± 0.019 .49 0.010 ± 0.020 .603

Hemoglobin (g/dL)a −0.020 ± 0.021 .35 −0.033 ± 0.022 .127

Parasite density (per 104 parasites/µL)a −0.004 ± 0.004 .22 −0.005 ± 0.003 .155

Abbreviations: AUC, area under the curve; HIV, human immunodeficiency virus; SE, standard error; Ref, reference.

*Adjusted linear regression analysis included the covariates age, hemoglobin at baseline, and log-transformed parasite density.

Figure 2.  Artemether and dihydroartemisinin exposure after the 1st and last dose of artemether-lumefantrine in human immunodeficiency virus (HIV)-uninfected children 
and HIV-infected children on 3 different antiretroviral regimens. Solid lines represent post-1st dose concentration-time curves, and dotted lines represent post-6th dose 
concentration-time curves. Colors represent HIV-uninfected children (black), and HIV-infected children on efavirenz (EFV; red), nevirapine (NVP; green), and lopinavir/ritonavir 
(LPV/r)-based regimens (light blue).

http://ofid.oxfordjournals.org/lookup/suppl/doi:10.1093/ofid/ofw217/-/DC1
http://ofid.oxfordjournals.org/lookup/suppl/doi:10.1093/ofid/ofw217/-/DC1
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use of certain ACTs, and living in low/moderate transmission 
settings [13]. Several of these factors, as well as studies of age and 
parasite clearance, suggest that antimalarial immunity plays an 
important role in early parasitological responses [10, 11]. Our 
findings further support this notion, because HIV-infected chil-
dren displayed longer parasite clearance half-lives, even when 
controlling for baseline parasite density [22]. Two other studies 
lend support to our findings. A study in Eastern Uganda using 
once-daily smears found that HIV-infected children (n  =  38) 
had a higher risk of a positive smear on day 2, but not on day 
1, compared with HIV-uninfected children [26]. A more recent 
study in Tanzania, also using daily smears, similarly found that a 
higher proportion of HIV-infected children had positive smears 
on days 2 and 3, compared with HIV-uninfected children [27]. 
Mechanistic insight may be gleaned from a study suggesting 
that parasite destruction by splenic macrophages is impaired 
in HIV-malaria coinfected patients [28]. A related, but distinct 
explanation may be the delayed removal of dead parasites in 
those with HIV, a possibility that we are unable to answer with 
our study.

In a univariate analysis, greater artemether exposure 
(P = .05), but not DHA exposure, was associated with a shorter 
parasite clearance half-life. The relationships among HIV status, 
artemether/DHA exposure, and parasite clearance half-life was 
further assessed by both mediation and moderation analyses, 
results that supported a primary role of HIV status in modify-
ing the delay in clearance, rather than variability in artemether/
DHA exposure. Other studies have assessed the potential direct 
impact of artemisinin exposure on parasite clearance, although 
they have largely focused on artesunate [3, 12, 29–33]. Although 
these studies have largely found no clear associations of parasi-
tologic responses to PK parameters, an early AL dose-finding 
study found that higher artemether and DHA AUCs were asso-
ciated with a decrease in parasite clearance time. Other studies 
have found either that lower doses of artesunate or the use of 
ACTs with lower relative doses of artemisinin (for example, AL 
versus DHA-piperaquine) negatively impacted parasite clear-
ance times [11–13].

Combined exposure to artemether and DHA, both of which 
are biologically active, decreased by 39% to 51% between the 
1st and 6th dose in all groups of children, aside from those 
on EFV. We also noted increases in DHA exposure in HIV-
uninfected children after the 6th dose compared with the 1st 
dose. One explanation for this decrease in artemether exposure 
and increase in DHA is autoinduction; an increase in metabo-
lism of artemether through its own induction of CYP enzymes, 
as postulated by others [34–36] The use of CYP inducers and 
inhibitors in our study afforded an opportunity to further inter-
rogate the potential role of CYP modulation in explaining the 
decrease in artemether exposure. Our results do not demon-
strate a significant impact of either concomitant CYP3A4 
inhibitors (LPV/r) or inducers (EFV or NVP) on the multidose 

reductions in exposure to artemether, perhaps suggesting a 
relatively minor role of CYP3A4 autoinduction in explaining 
this phenomenon. However, we are unable to comment on the 
involvement of other CYP enzymes (ie, CYP2B6), less impacted 
by the studied antiretrovirals, in explaining these changes [36]. 
An alternative hypothesis is the notion of a “disease effect,” 
whereby exposure is increased in the setting of malaria com-
pared with the healthy/recovered state. Antimalarial exposure 
has been found to be altered in the setting of malaria infection, 
possibly due to reduced first-pass effects or clearance in acute 
disease [20, 37, 38]. Although it is difficult to find support for 
or against this notion in our study, notable previous arguments 
against a disease effect are findings that exposure to artemisin-
ins decreased with repeated dosing even in healthy volunteers 
(ie, in the absence of disease) [34, 39, 40].

Regardless of the mechanism, the major concern is the 
impact of this reduction in artemisinin exposure on AL efficacy. 
Furthermore, a theoretical concern is that such low exposure, 
particularly in those individuals who are hyperparasitemic or 
initially dosed too low (for example, young children and preg-
nant women [25]), may produce high-risk scenarios for the 
emergence or selection of resistance [1]. In our study, these the-
oretical concerns are particularly notable in HIV-infected chil-
dren on antiretrovirals, a group that demonstrates significantly 
impaired antmalarial immunity. A  case-in-point: children on 
NVP-based antiretrovirals start out with 3-fold lower exposure 
to artemether compared with HIV-uninfected children, and 
exposure further declines by the 6th dose (AUC0-8hr 36 vs 120 
hr•ng/mL, respectively). However, perhaps of greatest concern 
is the situation of children on EFV-based regimens, a group 
for which we and others have recommended close monitoring 
for treatment failure after AL use [2, 21]. In these individuals, 
combined exposure to artemether and DHA was 4.0-fold and 
3.0-fold lower after the 1st and 6th dose, respectively, compared 
with HIV-uninfected children [21]. Together with the 4-fold 
lower post-6th dose exposure to the long-acting partner drug 
lumefantrine, lower levels of antimalarial immunity, and higher 
risk of recurrent malaria after treatment with AL in those with 
EFV [21], these children appear to be among the highest risk 
groups for increased morbidity and a theoretical increased risk 
of de novo selection of drug resistance.

Although our study raises several concerns, there are several 
notable limitations. For the assessment of parasite clearance, 
we used the validated PCE tool [22]. However, our smear fre-
quency was insufficient to adequately describe the lag phase 
in many individuals, and in those individuals, slope half-life 
may be overestimated [22]. In addition, although we demon-
strated a delay in parasite clearance in HIV-infected children, 
the overall range in parasite clearance half-lives was narrow 
(interquartile range, 2.4–3.6 hours) and limited our ability to 
assess for associations between PK exposure and parasite clear-
ance. With respect to our assessment and comparison of PK 
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exposure, due to logistical concerns and adherence to limits of 
blood volume collections in pediatric patients, we used 2 con-
currently enrolled groups of participants for obtaining post-1st 
and post-6th dose artemether/DHA-intensive PK parameters. 
Importantly, however, our 2 cohorts were comparable (Table 1), 
and any differences were unlikely to have significantly impacted 
our results. Lastly, while we did not genotype for Kelch 13 muta-
tions, studies by other groups suggests that mutations linked to 
delayed parasite clearance in Asia were absent in sub-Saharan 
Africa during the time of our study [6].

CONCLUSIONS

Although the delay in parasite clearance in our Ugandan chil-
dren is well within the 5-hour half-life-threshold that currently 
defines delayed parasite clearance in Southeast Asia (only 3 
of 99 children had >5-hour half-life), the delay in clearance 
half-life in the setting of HIV infection, the decrease combined 
artemisinin exposure with repeated dosing, and the low expo-
sure in HIV-infected children on ART raise several areas for 
concern regarding the potential for reduced efficacy, as well 
as theoretical situations conducive to the emergence and/or 
spread of drug resistance. This is of primary concern for those 
individuals on EFV, and it further supports the urgent need 
to find alternative dosing regimens in EFV-treated children to 
improve exposure to both artemether and lumefantrine, or the 
consideration of LPV/r-based regimens as first-line in HIV-
infected children.

Supplementary Data
Supplementary material is available at Open Forum Infectious Diseases online.
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