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Abstract: Background: Artemisinin and its derivatives are the key treatment for malaria, although
cases of hematological toxicity have been reported. This study assessed the hematological toxicity
of artemisinin derivatives using new parameters derived from a hematology analyzer. Methods:
This is a secondary analysis from a diagnostic accuracy study of a new hematology analyzer for
malaria diagnosis. Previous treatment and biological tests, including full blood count and malaria
microscopy, were recorded. Participants were divided into three groups: (i) malarianegative with
no artemisinin treatment (Mal/ACT), (ii) malarianegative with artemisinin treatment (Mal/ACT+)
and (iii) malariapositive with artemisinin treatment (Mal+/ACT+). Erythropoiesis was assessed using
reticulocyte absolute count (RetAb) and the reticulocyte production index (RPI), and free hemoglobin
level for hemolysis. Results: In total, data from 292 (31.0%) participants enrolled in the main study
were used; 140 (47.9%) received artemisinin derivatives treatment at admission and 93 (31.8%) were
malariapositive. After multivariable analysis and adjustment for hemoglobin, age and Creactive
protein (CRP), the delta RetAb (measuring the baseline and followup levels) did not significantly differ
in the Mal+/ACT+ (β = 1.1, se(β) = 5.4, p = 0.8) and Mal/ACT+ groups (β = 5.1, se(β) = 5.5, P = 0.4)
compared to the Mal/ACT group. The same holds for the delta RPI. FreeHb levels were elevated
in the groups treated with ACT (Mal/ACT+ and Mal+/ACT+) compared to Mal/ACT. However, this
difference remained significant after adjustment for parasite density only for the Mal+/ACT+ group with
a median delta free hemoglobin of 0.4 g/dL. Conclusion: There was no evidence of reticulocytopenia.
However, posttreatment hemolysis with a limited impact was observed. Artemisinin and its derivatives
remain a welltolerated antimalarial drug.
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Background

Malaria remains a public health threat. Indeed, after an enthusiastic decrease followed by a
small increase of 3% in 2020, the incidence rates have remained stable over the past 3 years.
Globally, in 2022, there were an estimated 249 million cases, an increase of 5 million cases
compared with 2021 [1]. Artemisinin and its derivatives, alone or in combination (artemisinin
combination treatment: ACT), are currently the firstline treatment for severe and uncomplicated
malaria infections [2]. The combinations comprise an artemisinin derivative that rapidly reduces
the parasite biomass and gametocyte carriage [3,4], together with a sloweracting partner drug that
clears the remaining parasites and provides posttreatment prophylaxis of which the duration depends
on its pharmacokinetic properties [5–7]. Although artemisinins are generally safe, they can cause
hematological toxicity. This is especially true for two types of adverse reactions: depression of
erythropoiesis and delayed hemolysis [8,9].

In animal model and human studies, artemisinin and its derivatives (AD) were found to cause
reticulocytopenia, a sign of decreased erythropoiesis [8,10–12]. Because reticulocyte response is
affected by the level of anemia, the reticulocyte production index (RPI) may be a better erythropoiesis
evaluation parameter. Furthermore, artemisinin derivatives have been linked to delayed hemolysis,
which can be caused by the destruction of “pitted” erythrocytes or autoimmune reactions [9,13].
According to previous studies, this adverse reaction typically occurs 2 weeks after the onset of
treatment in immunenaive patients with hyperparasitemia and may be severe, requiring a blood
transfusion. However, these adverse reactions have been reported mainly from nonendemic areas
(European countries and the USA), where some cases were considered severe. In malariaendemic
settings, however, AD’s hematologic toxicity is uncertain. Nonetheless, because anemia is also
prevalent in these settings, this adverse reaction, if frequent, could contribute to worsening
the alreadyprecarious anemic status of malaria patients. Field studies from malariaendemic
areas [14,15], as well as studies in travelers [16,17], generally document hemolysis as low haptoglobin
and high lactate dehydrogenase (LDH) levels combined with decreasing hemoglobin (Hb) levels.
However, these parameters are not used in routine health practice in resourcelimited settings such
as malariaendemic countries.

With the recent technology development, new hematology analyzers are equipped with a new
detection capacity and reagents. These analyzers offer new parameters, allowing for a better
characterization of blood cells and content, and thus, an overview of red blood cell turnover. Among
these parameters, absolute reticulocyte counts (RetAb) and the reticulocyte production index (RPI)
allow for the assessment of erythropoiesis activity, while the free hemoglobin level helps measure
hemolysis. Free hemoglobin (FreeHb) levels were defined as the difference between standard Hb
measurements (all red blood cells (RBC) are lysed) and optical Hb level (HGBO), which measures
Hb within intact RBCs.

In this study, we assessed the hematological toxicity of AD in a highmalariaendemic region
in Burkina Faso using a hematology analyzer named XN1000 that measures the reticulocyte count
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(RetAb), RPI and free hemoglobin levels. In contrast to previous studies, our study included a control
group of subjects who were treated with artemisinin derivatives while no malaria was detected.

Materials and Method

Study Settings and Design

This is a secondary analysis of data from a prospective hospitalbased diagnostic accuracy study
(clinicalTrials.gov, NCT02669823), conducted at the Nanoro district hospital known as the ‘Centre
Medical avec Antenne chirurgical’ (CMA) Saint Camille de Nanoro in Burkina Faso. The primary
objective of the main study was to assess the diagnostic sensitivity and specificity of the XN31 (new
hematology analyzer) to detect malaria parasitemia in children and adults with an acute febrile illness
compared to the thick blood smear microscopy as the gold standard or qPCR in the case of a negative
thick smear or incongruent results of the XN31 machine and microscopy [18] .

The Nanoro health district encompasses 1302 km2, with an estimated population of 188.837
in 2021 (Plan d’ Action 2021). Malaria is hyperendemic, with a peak during the rainy season
(July–October) [19]. Almost all malaria cases are caused by Plasmodium falciparum, though
Plasmodium ovale and Plasmodium malariae are also sporadically found [20]. As per the national
guidelines for malaria management, all severe cases are treated with injectable artesunate or
injectable quinine in pregnant women in the first trimester and/or ACT after the first trimester.
Uncomplicated cases are treated with oral ACT or tableted quinine in pregnant women in the first
trimester and/or ACT after the first trimester [21].

Study participants were enrolled between 23 March 2016 and 30 June 2017. Participants were
recruited at the pediatric and general medicine outpatient departments of the “Centre Medical avec
Antenne Chirurgicale” (CMA) Saint Camille Nanoro. Pregnant women were excluded from the study.
Basic demographic and clinical data were recorded on a standardized case report form by qualified
study nurses. Patients were followed daily during the hospitalization, and a definitive diagnosis was
recorded at discharge. The followup was carried out approximately 14 days and 30 days after
inclusion to assess if patients fully recovered, relapsed, or died.

Participant Selection and Classification

The current study participants were selected from the main study. Therefore, the inclusion
and exclusion criteria were those from that study, of which the details were already published
elsewhere [18]. Our analysis considered participants who were either positive or negative for malaria,
and treated or not with artemisinin derivatives (injection and/or oral treatment). Participants were
selected based on the availability of the full blood count (FBC) measurement at the study inclusion
(baseline value) and during the followup, the malaria test result, AD treatment initiated at admission,
hemoglobin (Hb) level of at least 5 g/dL at admission and no blood transfusion during hospitalization.
The cutoff for the Hb level of at least 5 g/dL was chosen as below a Hb level is considered severe
anemia with a potential blood transfusion indication, and therefore caused potential changes in the
patient hematological parameters.

Participants were classified as follows: (i) malariamicroscopynegative with no artemisinin
derivative treatment (Mal/ACT), (ii) malariamicroscopynegative with artemisinin derivative
treatment (Mal/ACT+) and (iii) malariamicroscopypositive with artemisinin derivative treatment
(Mal+/ACT+). In our settings, malaria was mainly diagnosed using HRP2 based RDT. Because of
the persistence of the HRP2 antigen, some patients are still treated with AD while they are negative
based onmicroscopy. This explains the cases of malariamicroscopynegative treated with artemisinin
derivatives (Mal/ACT). RetAb and RPI were used as erythropoiesis indicators, and freeHb for
hemolysis. FreeHb levels above the upper reference limit (i.e., typically ≥0.25 g/L in serum or ≥0.13
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g/L in plasma), indicating hemolysis, although the estimate of free Hb from the Sysmex analyzer and
the values given by Lippi et al. [22] may not be directly comparable. The assessment of the early effects
of artemisinin derivatives were studied between AD administration and the 10day followup (early
onset), reflecting the effect on erythropoiesis. The data from subsequent periods were considered for
the delayed effects (late onset), representing hemolysis.

Laboratory Procedures

Blood samples were collected in EDTA tubes and analyzed using the XN1000 hematology analyzer
from SYSMEX company, Kobe, Japan. The details of the study are described elsewhere [18].

Statistical Analysis

Data are reported as the median and interquartile range (IQR), unless stated otherwise. A multiple
linear regression was conducted to assess the effect of artemisinin derivatives on the different
outcome parameters. “Delta” parameters were created for Retabs, RPI and FreeHb, indicating
the difference between the followup and the baseline value of the respective parameters. Only
one followup measurement was considered for each participant. In the case of more than one
followup measurement, the latest was considered to minimize the disease effect on the parameters.
A categorical variable for the different groups was defined and used in the regression analysis model,
with the Mal/ACT as the reference group. Age, Hb, parasite density and inflammation (Creactive
protein: CRP) were adjusted. Analyses were performed using STATA 14 (Stata Corp., College Station,
TX, USA), and a cutoff of 0.05 was used as the threshold for statistical significance. The correlation
coefficients were calculated using the Spearman rank correlation method. The plots were made using
R Statistical Software (v3.4.4) with the package ggplot2.

Ethics Statement

Written informed consent was obtained from all study participant, and the study protocol was approved
by both the national ethics committee (ref. 201601006) and the institutional review board of IRSS (ref.
A032016/CEIRES) in Burkina Faso, the ethical committee of the University Hospital of Antwerp (ref.
15/47/492) and the internal review board of the Institute of Tropical Medicine Antwerp (ref. 1029/15).

Results

Study Population and General Characteristics

A total of 31.4% (292/930) participants participating in the main diagnostic accuracy study were
enrolled in our study (Figure 1); 140/292 (47.9%) received artemisinin derivative treatment at
admission and 93/292 (31.8%) had a positive malaria smear. Table 1 shows the demographic, clinical
and biological characteristics of the study population at admission. The overall median age (range)
was 4.8 (1.6–30.1) years old, with theMal+/ACT+ group being the youngest, with amedian age (range)
of 2.9 (1.6–5.2) years, while the Mal/ACT group was significantly older (p = 0.001), with a median
age (range) of 17.4 (1.7–43.6) years. The enrolment values of RetAb (9.0 vs. 4.8 [Mal/ACT] and
4.9 [Mal/ACT+]), RPI (0.8 vs. 0.5 [Mal/ACT] and 0.4 [Mal/ACT+]) and plasma CRP (45.9 vs. 17.7
[Mal/ACT] and 19.2 [Mal/ACT+]) concentrations were higher and hemoglobin (Hb) level (8.9 vs 10.4
[Mal/ACT] and 10.5 [Mal/ACT+]) were lower for the Mal+/ACT+ group, whereas freeHb did not
significantly (p = 0.8) differ between the groups (0.1 in both groups treated with ACT). In all groups,
Hb levels initially decreased and increased thereafter (Figure 2A). RetAb and RPI values were highly
correlated (ρ = 0.9, P = 0.0001) in the different patient groups (Figure 3).
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Effect of ACT on Erythropoiesis

The values of Hb, RetAb and RPI initially decreased in the Mal+/ACT+ group but increased, in
contrast, in the Mal/ACT+ group for RetAb and RPI, while the Hb level also decreased (Figure 2A–C).
In a multivariable analysis, after adjustment for Hb, age and CRP, the delta RetAb in the early period
was not significantly different in the Mal+/ACT+ (β = 1.1, se (β) = 5.4, P = 0.8) and Mal/ACT+ groups
(β = 5.1, se (β) = 5.5, P = 0.4) compared to the Mal/ACT group. In addition, the proportion of
patients with a decreased delta RetAb did not significantly differ between the groups, being 33% in
the Mal/ACT, 22.6% in the Mal+/ACT+ and 19% in the Mal/ACT+ group. The delta RPI levels were
not significantly different during the early period in the Mal+/ACT+ (β = 0.3, se (β) = 0.6, P = 0.6), and
Mal/ACT+ groups (β = −0.2, se (β) = 0.6, P = 0.7) compared to the Mal/ACT group. Finally, the
proportion of patients with a decreased delta RPI also did not differ between the groups.

Table 1: Demographics, clinical and biological data at admission for all participants and by group.

All
Participants
n = 292

Mal/ACT
n = 152

Mal/ ACT+
n = 47

Mal+/ ACT+
n = 93

PValue

Gender: F, n (%) 173 (59%) 87 (57.2%) 29 (61.7%) 57 (61.3) 
Age (years) 4.8

(1.6–30.1)
17.4
(1.7–43.6)

3.3
(1.6–29.6) *

2.9
(1.6–5.2) **

=0.001

Temperature,
(◦C)

38.4
(38.0–39.4)

38.3
(38–39)

38.2
(37.8–39.5)

38.8
(38–39.8)

NS

Weight (kg) 14.7
(9.3–47.0)

36.5
(9.7–51)

16
(8.8–48)*

10.7
(9.3–18) **

*NS
**=0.001

Injectable
artemisinin, n
(%)

184 (63%) NA 31 (66%) 68 (73.1%) NS

Parasite
density,
(number/ul)

NA NA NA 26585
(1185–92269)

NA

CRP (mg/dl) 29.6
(6.7–84.0)

17.7
(4.0–72.1)

19.2
(6.8–71.9) *

45.9
(23.3–92.3) **

*NS
**=0.001

RBC (106/ul) 4.1
(3.4–4.6)

4.1
(3.7–4.7)

4.2
(3.8–4.8) *

3.7
(2.8–4.3) **

*NS
**=0.001

Hb (g/l) 9.9
(8.2–11.2)

10.4
(9.3–11.6)

10.5
(8.2–11.6) *

8.9
(7.0–10.6) **

*NS
**=0.001

HCT (%) 30.6
(25.5–34.3)

31.8
(27.8–34.7)

31.8
(26.6–35.9) *

27.8
(21.1–32.0) **

*NS
**=0.001

RetAb, (104/ul) 5.9
(3.7–8.8)

4.8
(3.2–7.0)

4.9
(3.1–7.2) *

9.0
(6.0–14.3) **

*NS
**<0.001

RPI (%) 0.6
(0.4–0.9)

0.5
(0.3–0.7)

0.4
(0.2–0.8) *

0.8
(0.5–1.3) **

*NS
**=0.001

FreeHb (g/dL) 0.1
(−0.2–0.3)

0.03
(−0.2–0.3)

0.1
(−0.06–0.3) *

0.1
(−0.2–0.4) **

*NS
**NS

* Pvalue comparison between the Mal/ACT+ and Mal/ACT groups; ** Pvalue comparison between the
Mal+/ACT+ and Mal/ACT groups. Mal/ACT: malariamicroscopynegative with no artemisinin derivative
treatment; Mal/ACT+: malariamicroscopynegative with artemisinin derivative treatment; MAL+/ACT+:
malariamicroscopypositive with artemisinin derivative treatment; F: female; NA: not applicable; NS:
nonsignificant; CRP: creactive protein; RBC: reb blood cells; Hb: hemoglobin; HCT: hematocrit; RetAb:
reticulocyte absolute count; RPI: reticulocyte production index; FreeHb: free hemoglobin.
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Figure 1: Flow chart of participant selection. a: Only one case of malariapositive received treatment other than artemisinin derivatives
(Quinine). b: Cases with hemoglobin at admission less than 5 g/dL with a probable blood transfussion as recommended, but not properly captured
in the database. AD = artemisinin derivatives; Mal+: malariamicroscopypositive; Mal: malariamicroscopynegative; ACT+: artemisinin
derivative treatment; ACT: no artemisinin derivative treatment.
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Figure 2: A: Hemoglobin concentrations (Hb). B: Absolute reticulocyte numbers (RetAb), C: reticulocyte production index (RPI), and D: freeHb levels over time and in patients that are malariamicroscopynegative with no
ACT treatment (Mal/ ACT), malariamicroscopynegative with ACT treatment (Mal/ ACT+) and malariamicroscopypositive with ACT treatment (Mal+/ ACT+). The vertical line on panels A to D indicates the cutoff point separating
the early (until 10 days) and late (from 10 days and thereafter) period of the followup measurement.
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Figure 3: Correlation between the reticulocyte absolute count (RetAb) and reticulocyte production index (RPI) in the different groups
of participants. This figure shows the correlation between the RetAb and RPI in Mal/ACT, Mal/ACT+ and Mal+/ACT+ groups. The RPI is
positively correlated with the RPI, representing the bone marrow response to the decrease in the Hb level.

Effect of ACT on FreeHb Levels

FreeHb plasma levels above the reference range were found at baseline in 50.3 % of the Mal/ACT
group, 55.6% of the Mal/ACT+ group and 58.1% of the Mal+/ACT+ group. The values in the groups
during the followup were 48.9%, 62.8% and 89.2%, respectively.

FreeHb levels were elevated in the groups treated with ACT (Mal/ACT+ and Mal+/ACT+)
compared to the Mal/ACT group (Figure 1D). After adjusting for parasite density, the increase in
freeHb levels in the late period was significant in the Mal+/ACT+ group (β = 0.4, se (β)= 0.16, P =
0.02) compared to the Mal/ACT group, unlike in the Mal/ACT+ group (β = 0.2, se (β) = 0.17, P =
0.2). Furthermore, 73 out of 87 (83.9 %) participants from the Mal+/ACT+ group had a higher freeHb
level in the late period compared to the baseline values with a median (IQR) delta freeHb of 0.4
g/dL (0.2–0.6). Within the Mal+/ACT+ group, 26 of 73 patients (35.6%) also experienced concurrent
lowering Hb levels: the median (IQR) Hb decrease (IQR) was 0.7 g/dL (0.2–1.4).

Discussion

Bone marrow depression and hemolysis may be caused by malaria or its treatment with artemisinin
derivatives. The latter, in this study with a control population carried out in a hightransmission area,
shows signs of hemolysis with no effects on the bone marrow.

The reticulocyte counts are an indicator of the erythropoietic activity of the bone marrow,
while the RPI shows its capacity to compensate for anemia. Our results show that both
parameters are increased in patients receiving artemisinin derivative treatment, which argues against
artemisininderivativemediated bone marrow depression. Our findings contrast with a review from
Clark C. et al. [8], in which a RetAb decrease was reported in 47–75% of healthy subjects and 0–34%
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in Asian malariapositive patients. As our study was carried out in a highmalariatransmission area
(Burkina Faso), these differences may be due to genetic or acquired factors.

Our findings support the development of hemolysis as a feature of artemisinin and its derivatives,
as first reported in Europeans patients by Zoller [16] and later confirmed in malariaendemic
areas [15,17]. The frequency of hemolysis was high (83.9%) in our study, especially compared to the
7% previously reported in severemalaria patients in Gabon andGhana [15] or 20–30% in nonimmune
patients in Germany [23]. Possibly, the difference in the measurement methods of hemolysis (using
haptoglobin and high lactate dehydrogenase levels) may account for these differences. However, the
severity of the hemolysis seemed limited as no notable decrease in Hb was noticed in our study. Our
data on reticulocyte counts also indicate that the bone marrow capacity to compensate for anemia
development is adequate, as reported before [23].

Some limitations of our study need to be highlighted. Firstly, we did not check for other
possible causes of hemolysis, such as genetic red blood cells (sickle cell, thalassemia, G6PD) or
autoimmunerelated disorders. Secondly, the lack of several timepoints for the control did not allow
us to assess the dynamic of the posttreatment hemolysis effect. Nonetheless, by using groups with
different malaria statuses and artemisinin treatments, and a different time for the control timepoint, we
were able to assess the effect of artemisinin with the control group of patients with no malaria and no
artemisinin treatment.

Conclusion

In conclusion, the absence of reticulocytopenia in our study is not in favor of the negative effects
of artemisinin and its derivatives on erythropoiesis. However, we found evidence of posttreatment
hemolysis, but with a limited effect on hemoglobin levels. Therefore, artemisinin and its derivatives
remain welltolerated potent antimalaria drugs. Nonetheless, further studies with larger and more
diverse populations should be carried out to check this particular aspect of the safety profile of
artemisinin and its derivatives.
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