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Abstract

Background: In severe malaria, intravenous artesunate may
cause delayed haemolytic anaemia but there has been little
evaluation of the propensity of oral artemisinin-based com-
bination treatments (ACTs) to cause late-appearing anae-

mia. Methods: The frequency of anaemia (haematocrit
<30%), and temporal changes in haematocrit were evalu-
atedin 1,191 malarious children following ACTs. “Haemato-
crit conservation” was evaluated by using the fall in haema-
tocrit/1,000 asexual parasites cleared from the peripheral
blood (FIH/1,000 asexual parasites cpb), and the ratio of the
average haematocrit (on the first 3 days of starting
treatment):total parasitaemia cleared. Results: The fre-
quency of anaemia decreased significantly following treat-
ment. FIH/1,000 asexual parasites cpb, average haema-
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tocrit:total parasitaemia cleared, and mean haematocrit 5
weeks after treatment began were significantly lower in hy-
perparasitaemic children than in children without hyper-
parasitaemia, suggesting haematocrit conservation during
treatment followed later by a loss of haematocrit. Asymp-
tomatic late-appearing anaemia occurred in 6% of the chil-
dren. Conclusion: Artesunate-amodiaquine and artem-
ether-lumefantrine contribute to haematocrit conservation
at high parasitaemias but may cause late-appearing anae-
mia. © 2017 S. Karger AG, Basel

Introduction

Artemisinin-based combination treatments (ACTSs)
have been adopted by over 100 countries for the treat-
ment of uncomplicated Plasmodium falciparum malar-
ia, and intravenous artesunate for severe malaria [1, 2].
Intravenous artesunate treatment of severe malaria may
cause delayed haemolytic anaemia [3, 4], which has been
attributed to the destruction of once-infected (pitted)
erythrocytes 7-21 days after pitting [3]. In patients with
heavy parasitaemias or severe malaria, this process pre-
vents a precipitous decline in haematocrit in the first few
days following treatment. This is a life-saving process
[3].

In endemic countries with poor resources where
once-infected erythrocytes cannot be readily quantified,
the extent of the fall in haematocrit following ACT's can
be quantified by estimating the fall in haematocrit/1,000
asexual parasites cleared from the peripheral blood
(FIH/1,000 asexual cpb) on the first 2 days of treatment
[5]. Using this method, we showed that there is little or
no fall in haematocrit following ACTs, particularly when
parasitaemias are heavy, and this has been termed “hae-
matocrit conservation” [5].

Uncomplicated P. falciparum hyperparasitaemia is
common and responds therapeutically to ACTs [6, 7],
but there has been little evaluation of its relationship
with delayed or late-appearing anaemia and the time-
course of the frequency of anaemia in African children
after oral ACTs.

This study evaluated the frequency of anaemia (hae-
matocrit <30%) before and after ACT's and also the tem-
poral changes in haematocrit in children with uncom-
plicated hyperparasitaemia and non-hyperparasitaemia
following ACTs.
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Patients and Methods

The initial study was conducted from October 2009 to Novem-
ber 2010 in malarious children under the age of 5 years in Nigeria:
in Agbani, Barkin Ladi, and Damboa, in the states of Enugu, Pla-
teau, and Borno, respectively (the eastern flank of the study sites),
and also in Ijede, Ibadan, and Makarfi in the states of Lagos, Oyo,
and Kaduna Nigeria, respectively (the western flank). The later
study was conducted from 2009 to 2014 in malarious children <10
years old in Ibadan. The details of the efficacy and gametocyte car-
riage study have been reported elsewhere [8, 9]. The study profile
is shown in Figure 1.

In the initial study, we assessed the under-5-year-olds with
acute, symptomatic uncomplicated P. falciparum malaria and par-
asitaemias of 1,000-200,000 asexual forms/pL. In the later study,
we assessed <10-year-olds with parasitaemias of between 1,000
and >250,000 asexual forms/pL (uncomplicated hyperparasitae-
mia). Patients with complicated hyperparasitaemia or other fea-
tures of severe malaria, and those with severe malnutrition or sick-
le-cell anaemia were excluded from the study. The day of presenta-
tion was regarded as day zero. Patients were treated with
artemether-lumefantrine (AL) or artesunate-amodiaquine (AA)
co-formulated for 3 days (days 0-2) as previously described [9]. In
the initial study, follow-up was done daily on days 1-3 and on days
7, 14, 21, and 28, and this was extended to days 35 and 42 in the
later study. The study protocol was approved by the National
Health Research Ethics Committee, Abuja, and the Ministry of
Health, Ibadan, Nigeria.

Parasitaemia was quantified, and fever clearance and parasite
clearance times were determined as previously described [9, 10].
Hyperparasitaemia was defined as asexual parasitaemia >250,000/
uL. Haematocrit was estimated before and after treatment and in all
children seen at each follow-up day, and was referred to as “haema-
tocrit level per visit day.” Anaemia was defined as a haematocrit
<30%, and was classified as mild, moderate, or severe at 21-29, 15-
20, or <15%, respectively. Early-appearing anaemia, late-appearing
anaemia, and FIH/1,000 asexual parasites cpb following treatment
were defined as previously described [5, 11, 12]. On days 0-2, the
ratio of average haematocrit:total parasitaemia cleared during the
same period was also used as a broader index of “haematocrit con-
servation.” Anaemia recovery time was defined as the time elapsing
from the start of anaemia until haematocrit >30%. The profile of
investigations is shown in Figure 1. In hyperparasitaemic and non-
hyperparasitaemic children matched for age, gender, treatment, and
same-day presentation, temporal changes in haematocrit post-treat-
ment initiation were classed as previously described [11]. A diagno-
sis of late-appearing anaemia was made as previously described [12].

Data Analysis

Data was analysed using Epi Info™ software v7 [13] and the sta-
tistical program SPSS for Windows v20.0 [14]. Proportions were
compared by calculating x* values using the Yates correction, the
Fisher exact test, or the Mantel-Haenszel test. Normally distributed,
continuous data was compared by means of the Student ¢ test and
analysis of variance (ANOVA). For the analysis of haematocrit lev-
els per visit day, post hoc comparisons were done using the Tukey
honestly significant difference (Tukey HSD). Data not conforming
to a normal distribution was compared by the Mann-Whitney U
test and the Kruskal-Wallis test (or by Wilcoxon ranked sum test).
p values <0.05 were taken to indicate significant differences.
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Fig. 1. Study profile and investigations carried out. AA, artesunate-amodiaquine; AL, artemether-lumefantrine;

HP, hyperparasitaemic. * Follow-up was for 28 days, ** follow-up was for 42 days,

ksksk

randomization at a ra-

tio of 2:1 for AA and AL, * number of children that completed follow-up period, ** investigations of children
<5 years of age.

Results

The characteristics of the 1,191 children enrolled in
the study are summarized in Table 1. At presentation, 423
children (35.5%) were anaemic. Anaemia was mild, mod-
erate, and severe in 380, 41, and 2 children, respectively.

Anaemia following Artemisinin-Based

Combination Treatments

In the initial study, at presentation, 70/109 (65%),

67/113 (59%), 27/110 (24%), 43/119 (36%), 43/106 (41%),
and 43/99 (43%) children in Damboa, Agbani, Barkin
Ladi, Makarfi, and the Sabo quarters of Ibadan and Ijede,
respectively, were anaemic. Anaemia was more frequent-
ly found in children from sites located on the eastern
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Table 1. Baseline characteristics of the children enrolled in the study

Parameters AA (n=696) AL (n = 495) ALL (n=1191) p value
Male/female, n 370/326 272/223 642/549 0.58
Mean age, years 4.8 (4.6-5) 4.2 (4-4.4) 4.5 (4.4-4.7)
Age <5 years, n 428 (61%) 377 (76%) 813 (68%) <0.0001
Mean weight, kg 15.8 (15.4-16.2) 14.7 (14.3-15.2) 15.4 (15.1-15.7) <0.0001
Mean duration of illness, days 2.8(2.6-2.9) 3.0(2.8-3.2) 2.8(2.7-2.9) 0.02
Mean temperature, °C 38.2 (38.1-38.2) 38.1 (38-38.2) 38.2 (38.1-38.2 0.65
Mean haematocrit level, % 31(30.6-31.4) 30.4 (30-30.9) 30.8 (30.5-31.1) 0.06
Haematocrit level <30%, n 237 (34%) 186 (38%) 423 (36%) 0.23
Parasitaemia, /pL
Geometric mean 31,694 25,080 28,756 0.01
Range 1,018-1,096,636 1,030-2,124,000 1,018-2,124,000
Parasitaemia >250,000/uL, n 37 (5%) 18 (4%) 55 (5%) 0.22

Values express mean (95% confidence interval), unless otherwise indicated. AA, artesunate-amodiaquine; AL, artemether-lumefan-

trine.

flank, i.e., 164/332 (49%), than in those from sites located
on the western flank, i.e., 129/324 (39%) (p = 0.01). On day
28, the frequencies had decreased significantly to 10/109
(9.2%), 19/106 (17.9%), 8/109 (7.3%), 8/112 (7.1%), 2/103
(1.9%), and 4/90 (4.4%) in Damboa, Agbani, Barkin Ladi,
Makarfi, and the Sabo quarters of Ibadan and Ijede, re-
spectively (test for trend: p < 0.0001 for each of the sites).

In the later study, overall, at presentation, 130/535
(24.3%), i.e., 50/149 (34%) and 80/386 (21%) children
aged <5 and 5-10 years, respectively, were anaemic. The
difference between the 2 proportions was significant (p =
0.003). After the initiation of treatment, the differences in
the frequencies of anaemia in children aged <5 and 5-10
years were significant on the following follow-up days:
day 1 (69/133 [51.9%] vs. 106/340 [31.2%]; p < 0.0001),
day 14 (30/108 [40.1%] vs. 42/301 [13.9%]; p = 0.002), day
21 (15/103 [14.6%] vs. 18/273 [4.1%); p = 0.03), and day
42 (9/103 [8.7%] vs. 7/275 [2.5%]; p = 0.02), respectively.
On day 42, the overall frequency of anaemia was 16/378
(4.2%). The corresponding frequencies of anaemia in
children <5 and 5-10 years of age were 9/103 (8.7%) and
71275 (2.5%), respectively (test for trend: p < 0.0001 for
overall and the 2 age groups).

The frequencies of anaemia before and after treatment
initiation were similar in the 2 treatment groups in both
the initial and the later study (data not shown). In the
later study, the frequency of anaemia at presentation did
not decrease over a 6-year period, ie., 58/213 [27%],
31/156 [20%], 11/51 [22%], 12/54 [22%], 5/23 [22%], and
13/38 [34%] in 2009, 2010, 2011, 2012, 2013, and 2014,
respectively (x* for trend = 0.05; p = 0.82).
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The data on haematocrit level per visit day showed
that, when taken as a group, the overall temporal change
in haematocrit was a decline from normal haematocrit to
an early monophasic fall to an anaemia level, followed by
a rise to a normal level by day 7 (Table 2), and remaining
normal till day 42 (Temporal Pattern 2 [11]). This is sim-
ilar to the data on non-hyparasitaemic children shown in
Figure 2h. The temporal patterns were similar in the 2
treatment groups (Table 2; figure not shown). Overall,
mean haematocrit during follow-up was significantly
lower on day 3 than on the other days of follow-up (p <
0.0001; Table 2). However, the mean haematocrit value
on day 3 was similar to that on day 2 (p = 0.65). Post hoc
comparison showed that the mean haematocrit value at
enrollment was significantly lower than on days 7-42 and
significantly higher than on days 1-3. Table 2 also shows
the details of haematocrit values according to drug treat-
ment during the follow-up period. The mean haematocrit
value on day 42 was significantly higher in the AA-treat-
ed children than in the AL-treated children.

Forty-eight hyperparasitaemic (geometric mean para-
sitaemia/pL 401,090 [range 252,200-2,124,000]) and 48
non-hyperparasitaemic (geometric mean parasitaemia/
uL 57,642 [range 1,636-241,629]) children were matched
for similar clinical characteristics and treatment. Follow-
ing treatment, the fever and parasitaemias cleared within
2 days in both groups. There was no fall in haematocrit in
10 hyperparasitaemic and in 11 non-hyperparasitaemic
children. The FIH/1,000 asexual parasites cpb was signifi-
cantly lower in hyperparasitaemic than in non-hyperpar-
asitaemic children (median 0.008 [range 0.0004-0.028,

Sowunmi et al.



Table 2. Haematocrit values as percentages per visit day in malarious children treated with AA or AL

Drug  Follow-up day
0 1 2 3 7 14 21 28 35 42

AA 31£5 30.4+4.5 29.7+44 29.6x4.5 30.5t4.4 32.3+4.1 334435 342+37 34+3 34.3+3.2
[14-47] [17-42] [16-44] [16-43] [14-54] [19-50] [20-45] [20-53] [26-44]  [20-45]
30.6-31.4 30-30.8 29.3-30.1 29.3-30 30.1-30.8 32-32.7 33.1-33.7 33.9-34.5 33.6-34.3 34-34.7
(n=696) (n=488) (n=479) (n=538) (n=627) (n=600) (n=502) (n=575 (n=292) (n=2317)

AL 30.4+4.9 30.3+49 29.844.8 29.6+4.6 30.4+44 32.1+4.5 33.4+39 33.8+39 33.743.7 33.743.3
(16-44]  [12-45] [15-40] [13-41] [16-45] [16-49] (14-45]  [22-50] [20-44]  [22-40]
30-30.9 29.7-30.8 29.2-30.3 29.1-30.1 30-30.8 31.7-32.5 33-33.8 33.4-34.2 33.1-34.3 33.1-34.2
(n=495) (n=309) (n=308) (n=359) (n=437) (n=422) (n=348) (n=425) (n=162) (n=165)

ALL 30.8+5 30.3+4.6 29.7+4.5 29.6x4.5 30.4x4.4 32.2+4.3 33.4+3.7 34+3.8 339+3.3 34.1£3.3
(14-47]  [12-45] [15-44] [13-43] [14-54] [16-50] (14-45]  [14-53] [20-44]  [20-45]
30.5-31.1 30-30.7 29.4-30.1 29.3-29.9 30.2-30.7 32-32.5 33.1-33.6 33.8-34.3 33.6-34.2 33.8-344
(n=1,191) (n=797) (n=787) (n=897) (n=1,064) (n=1,022) (n=850) (n=1,000) (n=454) (n=482)

p value' 0.06 0.72 0.89 0.85 0.78 0.39 0.95 0.14 0.43 0.02

Values express mean + standard deviation, [range], and 95% confidence interval. AA, artesunate-amodiaquine; AL, artemether-

lumefantrine; ALL, all children.
! For comparison of means of AA and AL treatment groups.

n = 38] vs. median 0.028 [range 0.0016-1.22, n = 37], p <
0.0001). Similarly, on days 0-2, the average haematocrit:
total parasitaemia cleared was significantly lower in hy-
perparasitaemic than in non-hyperparasitaemic children
(median 0.00009 [range 0.00001-0.00014] vs. median
0.00035 [range 0.00012-0.021], p < 0.0001). FIH/1,000
asexual parasites cpb and average haematocrit:total para-
sitaemia cleared (on days 0-2) were similar in children
treated with AA and in those treated with AL (data not
shown).

The overall temporal patterns of change in haemato-
crit levels were similar in hyperparasitaemic and non-hy-
perparasitaemic children, (Fig. 2h) and Pattern 2 (Fig. 2b),
and similar to the overall pattern of haematocrit levels per
visit day in all of the malarious children. The frequencies
of the patterns were similar with both treatments. A late
monophasic fall, e.g., Pattern 3, (Fig. 2¢, n = 4) and Pat-
tern 7 (Fig. 2g, n = 1) as well as early and late monophasic
falls, e.g., Pattern 4 (Fig. 2d, n = 1), occurred in 6 children
with or without hyperparasitaemia. All 6 children with
late monophasic falls in haematocrit to <30% (i.e., Pat-
terns 3, 4, and 7 above) had parasitaemias >180,000/pL at
presentation. Four of 6 children cleared their parasitae-
mias within 1 day of starting treatment, 5 of 6 children
were treated with AA, with a total dose of artesunate >10
mg/kg, and all 6 were asymptomatic when the late fall in
haematocrit occurred. In addition, FIH/1,000 asexual

Anaemia following Artemisinin-Based
Combination Treatments

parasites cpb and the average haematocrit:total parasitae-
mia cleared (on days 0-2) were very low in these children.

Assessment data on haematocrit levels before and after
the initiation of treatment in matched hyperparasitaemic
and non-hyperparsitaemic children was similar (data not
shown). On day 28, overall, the haematocrit level was
33.4% (range 24-45%), and it was similar in hyperparasi-
taemic and non-hyperparasitaemic children (32.7%
[range 24-38] vs. 34.1% [range 24-45], p = 0.07). On day
35, overall, the haematocrit level was 33.8% (range 24—
42%), and it was significantly lower in hyperparasitaemic
than in non-hyperparasitaemic children (32.7% [range
24-39] vs. 34.6% [range 29-42], p =0.03). On day 42, hae-
matocrit levels were similar in both groups of children
(Fig. 2h). In children who were hyperparasitaemic and
anaemic at presentation, the median FIH/1,000 asexual
parasites cpb was significantly lower than in non-hyper-
parasitaemic and anaemic children at presentation (me-
dian 0.004 [range 0.0002-0.023, n = 10] vs. median 0.031
[range 0.019-0.21, n = 4], p = 0.030). Figure 2f shows an
absence of precipitous falls in haematocrit during the first
few days following treatment in children with hyperpara-
sitaemia and anaemia. Similarly, in children who were
hyperparasitaemic and anaemic at enrollment, the aver-
age haematocrit:total parasitaemia cleared (on days 0-2)
was significantly lower than in non-hyperparasitaemic
and anaemic children (median 0.00007 [range 0.000013-
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Color version available online

Fig. 2. a-h Temporal patterns of haematocrit in hyperparasitaemic
(red line) and in age, gender, same-treatment, and same-day pre-
sentation-matched non-hyperparasitaemic children (black line)
treated with artesunate-amodiaquine (AA) or artemether-lume-

fantrine (AL). Arrow indicates absence of dip in haematocrit level
in children with hyperparasitaemia and anaemia at presentation

(description of patterns [11]). ALL, all children (i.e., with AA or
AL).
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0.00011, n = 10] vs. median 0.00021 [range 0.00014-
0.00581, n = 4], p = 0.002).

Twenty-one of 330 children (222 and 108 children
treated with AA and AL, respectively), met the criteria for
the diagnosis of late-appearing anaemia; 13 and 8 of these
were treated with AA and AL, respectively. In the 21 chil-
dren with late-appearing anaemia, the mean age was 5.4
(range 1-10) years, and geometric mean parasitaemia was
63,611/puL (range 2,880-618,950); in 9 children, parasitae-
mia was >100,000/pL, and parasitaemia cleared within 1
day of starting treatment in 17 children. The mean time to
late-appearing anaemia was 27 days (range 21-42 days).
Nadir haematocrit was 26.5% (range 20-29%). All but 1 of
the 21 children were asymptomatic when late-appearing
anaemia occurred. The only exception was an 8-year-old
female child who had fever on day 28, when late-appearing
anaemia occurred. All 6 children with a late monophasic
fall to an anaemia level met the clinical and parasitological
criteria for the diagnosis of late-appearing anaemia.

Of the 48 pairs of matched hyperparasitaemic and
non-hyperparasitaemic children (i.e., a total of 96 chil-
dren), 6 children (5 hyperparasitaemic and 1 non-hyper-
parsitaemic) had late monophasic, or both early and late
monophasic falls in haematocrit to an anaemia level (see
above: temporal patterns of haematocrit in these 6 chil-
dren). In these 6 children, the mean age was 4.7 (range
3-6) years, and geometric mean parasitaemiawas 304,835/
uL (range 181,500-618,950); in 4 children, parasitaemia
cleared within 1 day of starting treatment (mean parasite
clearance time was 1.33 days). Mean haematocrit level at
enrollment was 34.3% (range 28-40%). Mean time to
late-appearing anaemia was 30 days (range 21-35 days).
Mean nadir haematocrit was 25.5% (range 20-29%).
None of the children was asymptomatic when late-ap-
pearing anaemia occurred. Mean FIH/1,000 parasites cpb
was 0.0186 (range 0.0074-0.0551). Mean ratio of average
haematocrit:total parasitaemia cleared (on days 0-2) was
0.00019 (range 0.00006-0.0006). The temporal patterns
of change in haematocrit in the 6 children were Patterns
3, 4, or 7 (see above: temporal patterns of haematocrit).
The overall plot of these patterns was the same as that of
hyperparasitaemic children shown in Figure 2h.

Discussion

In this study, both AA and AL significantly reduced
the frequency of anaemia in younger and older malarious
children following treatment. However, it is unclear why
the frequency of anaemia at presentation was significant-

Anaemia following Artemisinin-Based
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ly higher at the sites located on the eastern flank of the
study. Differences in the background causes of anaemia
(e.g., helminth infections, immunoglobinopathies, glu-
cose-6-phosphate dehydrogenase deficiency, and nutri-
tional factors) as well as other unidentified factors may be
responsible for the significant difference in the frequency
of anaemia between the eastern and the western flanks of
the study sites.

Estimates of the indicators of haematocrit conserva-
tion revealed that it was much more pronounced in
matched hyperparasitaemic children than in non-hyper-
parasitaemic children, with further evidence for this be-
ing seen in the similar temporal patterns of haematocrit
(Fig. 2h) and haematocrit levels in the first week of treat-
ment. These findings confirm the prevention of precipi-
tous falls in haematocrit in hyperparasitaemic children.
The absence of a dip in haematocrit in hyperparasitaemic
children with anaemia in the first week (Fig. 2f) suggests
that AA and AL also prevent precipitous falls or attenuate
the falls in haematocrit in these 2 conditions in malarious
children.

Despite the similar haematocrit profiles in the first
week of treatment in hyperparasitaemic and non-hyper-
parasitaemic children, mean haematocrit levels were sig-
nificantly lower in hyperparasitaemic than in non-hyper-
parasitaemic children 5 weeks after treatment began
(Fig. 2h). This would suggest that the initial haematocrit
“conserved” early in treatment in children with hyperpar-
asitaemia was later lost. However, this does not prove that
it is the once-infected erythrocytes that were later de-
stroyed 5 weeks after treatment began. It is possible that
other factors may have contributed to the later decline in
haematocrit, e.g., the destruction of normal red blood cells.

Falls in haematocrit to a level of anaemia are charac-
teristics of late monophasic falls only; these occurred in
6% of the cohort of 104 hyperparasitaemic and non-hy-
perparasitaemic children evaluated. The clinical and par-
asitological features of these children were somewhat
similar to those of 15 other children who met the clinical
and parasitological criteria for the diagnosis of late-ap-
pearing anaemia. Indeed, all children with late monopha-
sic falls in haematocrit to an anaemia level met the criteria
for the diagnosis of late-appearing anaemia, suggesting
that these terms can be used interchangeably. In these
children, the development of late-appearing anaemia was
accompanied by few or no symptoms. It is important to
note that the absence of symptoms when late-appearing
anaemia occurs and the frequent use of ACTs in an al-
ready anaemic child may lead to the development of
chronic anaemia [12].
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Late-appearing anaemia superficially resembles de-
layed haemolytic anaemia following the treatment of se-
vere malaria with intravenous artesunate in immunologi-
cally naive patients [3, 4]. However, late-appearing anae-
mia differs from post-artesunate delayed haemolysis
(PADH) syndrome [3, 15] in the relative absence of symp-
toms and overt clinical and laboratory features of haemol-
ysis. In this context, the limitations of our study are: not
quantifying the once-infected red blood cells, not evaluat-
ing the laboratory parameters for the confirmation of a
haemolytic or non-haemolytic nature of the late-appear-
ing anaemia, and not evaluating the contribution of the
background causes of anaemia in children from this en-
demic area to the various patterns of temporal change in
haematocrit to <30% following the AA and AL treatments.

In conclusion, AA and AL significantly reduce the fre-
quency of anaemia, conserve haematocrit at high parasi-
taemias with or without accompanying anaemia, and
may cause a late monophasic fall in haematocrit to <30%
or a late-appearing anaemia in about 6% of malarious
children 3-5 weeks after the start of treatment.
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