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Abstract

Background: Iron therapy begun concurrently with antimalarial treatment may not be well absorbed because of malaria-
induced inflammation. Delaying the start of iron therapy may permit better iron absorption and distribution.

Objective: \We compared erythrocyte iron incorporation in children who started iron supplementation concurrently with
antimalarial treatment or 28 d later. We hypothesized that delayed iron supplementation would be associated with greater
incorporation and better hematologic recovery.

Methods: We enrolled 100 children aged 6-59 mo with malaria and hemoglobin concentrations of 50.0-99.9 g/L who
presented to Mulago Hospital, Kampala, into a randomized trial of iron therapy. All children were administered antimalarial
treatment. Children with zinc protoporphyrin (ZPP) =80 wmol/mol heme were randomly assigned to start iron supplementation
concurrently with the antimalarial treatment [immediate iron (I) group] or 28 d later [delayed iron (D) groupl. All children were
administered iron-stable isotope %’Fe on day 0 and %8Fe on day 28. We compared the percentage of iron incorporation at the
start of supplementation (I group at day 0 compared with D group at day 28, aim 1) and hematologic recovery at day 56 (aim 2).
Results: The percentage of iron incorporation (mean = SE) was greater at day 28 in the D group (16.5% =+ 1.7%) than at day O
in the | group (7.9% =+ 0.5%; P < 0.001). On day 56, concentrations of hemoglobin and ZPP and plasma ferritin, soluble
transferrin receptor (sTfR), hepcidin, and C-reactive protein did not differ between the groups. On day 28, the hemoglobin
(mean = SD) and plasma iron markers (geometric mean; 95% Cl) reflected poorer iron status in the D group than in the | group
at this intervening time as follows: hemoglobin (105 = 15.9 compared with 112 = 12.4 g/L; P = 0.04), ferritin (39.3 ng/L; 23.5,
65.7 pg/L compared with 79.9 pg/L; 58.3, 110 pg/L; P = 0.02), sTfR (8.9 mg/L; 7.4, 10.7 mg/L compared with 6.7 mg/L; 6.1,
7.5 mg/L; P =0.01), and hepcidin (13.3 ng/mL; 8.3, 21.2 ng/mL compared with 38.8 ng/mL; 28.3, 53.3 ng/mL; P < 0.001).
Conclusions: Delaying the start of iron improves incorporation but leads to equivalent hematologic recovery at day 56
in Ugandan children with malaria and anemia. These results do not demonstrate a clear, short-term benefit of delaying
iron. This trial was registered at clinicaltrials.gov as NCT01754701. J Nutr 2016;146:1769-74.
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Introduction

being iron deficient (2, 3), predisposes children to more frequent

Achieving and maintaining optimal iron status is difficult and
potentially risky for children living in malaria-endemic regions.
Several studies, beginning with a large, randomized, controlled

episodes of malaria and other infections and even increased risk of

death. Because optimal brain development depends on a sufficient

trial on Pemba Island, Tanzania, in 2006, found that iron  supply of iron during peak periods of brain growth during early
supplementation to prevent iron deficiency (1), or simply not  childhood (4, 5), identifying strategies to ensure adequate iron for
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brain development while also protecting children from malaria
and other infections is paramount.

Frequently, iron deficiency and malaria co-occur in the same
child. The optimal timing for providing iron supplementation to a
child being treated for concurrent malaria and iron deficiency is
unclear. The standard of care is to prescribe iron supplementation at
the onset of antimalarial treatment with antibiotics if needed for
other concurrent infection (6). However, studies that followed the
regimen have largely reported unresolved anemia, unresolved iron
deficiency, and increased frequency of clinical malaria episodes (7-9).

A potential physiologic explanation for this finding is that
malaria-induced inflammation and the resulting rise in blood
concentrations of the hepatic protein hepcidin impair iron
absorption in the gut and release of iron from macrophages,
making oral iron therapy given concurrently with antimalarial
treatment not optimally absorbed or incorporated into red
blood cells. A study that used iron-stable isotopes in Gambian
children found that iron incorporation was significantly lower
at day 0 and day 15 in children recovering from postmalarial
anemia than in children recovering from iron deficiency anemia
alone, but children recovering from postmalarial anemia had a
greater increase in hemoglobin concentration after 4 wk (10).
These findings led the investigators to conclude that children
recovering from postmalarial anemia meet their initial iron
demands from iron sequestered in storage compartments during
the inflammation induced by malaria, rather than from an oral
supplement. They concluded that starting iron therapy before 2 wk
after successful antimalarial treatment may be futile. Subsequent
analysis of the same data set revealed that hepcidin concentration
best predicted iron incorporation, with greater hepcidin associated
with lower red blood cell iron incorporation (11).

These data suggest that delaying iron therapy by some as yet
undefined time period after antimalarial therapy rather than
providing the treatments concurrently would result in greater iron
absorption at the time of initial supplement administration.
However, because iron incorporation remained significantly lower
at day 15 in children recovering from postmalarial anemia in the
Gambian study (10), the question of what is the appropriate time
delay remains unanswered. Hepcidin concentrations are shown to
normalize by 4 wk after antimalarial treatment (12), suggesting that
delaying iron treatment by longer than 2 wk may be more effective.

Here, we present the results of a randomized clinical trial
conducted in malaria-endemic Uganda that aimed to determine
whether iron supplementation given concurrently with antima-
larial treatment compared with 4 wk after antimalarial treat-
ment is better incorporated into red blood cells and improves
hematologic recovery after 8 wk. The goal of the study was to
use iron-stable isotopes within a randomized design to provide
physiologic evidence for the optimal timing of the initiation of
iron therapy in children recovering from malaria and anemia.

Methods

Between May 2013 and February 2015, we enrolled a consecutive
sample of 100 children from the Pediatric Acute Care Unit at Mulago
Hospital in Kampala, Uganda. Inclusion criteria were 1) children
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between the ages of 6 and 59 mo, 2) hemoglobin concentration between
50.0 and 99.9 g/L, 3) a positive Giemsa smear for Plasmodium falciparum
parasitemia, 4) measured fever (temperature, >37.5°C) or a history of fever in
the preceding 24 h, and 5) residence within 50 km of the hospital. Exclusion
criteria were 1) known sickle cell disease, 2) acute malnutrition, and 3) a
history of convulsions or seizures with present illness. We set the lower
threshold for hemoglobin at 50.0 g/L because any child with a lower
hemoglobin concentration would require transfusion per hospital guide-
lines, necessitating immediate alternate medical attention.

Once informed consent was obtained from the caregiver, a 5- to 7-mL
venous blood sample was drawn. Zinc protoporphyrin (ZPP)® was
measured immediately by front-face hematofluorometer (Aviv Biomed-
ical, Inc.). All children were treated for malaria with parenteral
artesunate, per Uganda Ministry of Health guidelines, and were also
given a 3-d course of oral artemether-lumefantrine. Children with ZPP
=80 umol/mol heme were randomly assigned to start a 27-d course of
iron supplementation the day after parenteral antimalarial treatment on
day 1 [immediate iron (I) group], or after 4 wk on day 29 [delayed iron
(D) group]. Treatment allocation was assigned in permuted blocks of 4
from a computer-generated randomization list produced by a University
of Minnesota staff member who was not part of the study. A trained
study nurse weighed and measured the length or height of each child.

The daily iron supplement was in the form of liquid oral ferrous
sulfate syrup (Rugby Laboratories) and was administered at a daily dose
of 2 mg/kg. Children in the I group started the syrup on day 1 and took
the syrup daily until day 27. They returned their syrup bottles at the
clinic visit on day 28. Children in the D group started taking the
supplement on day 29 and continued daily until day 53, returning their
bottles on the final visit on day 56. Trained study monitors visited each
child at home on day 14 and day 42 to assess supplement adherence as
measured by remaining syrup volume and completed iron dosing card
and also to record any side effects.

On day 0, after a venous blood draw for baseline laboratory values
and a 2-h supervised fast, all children (72 = 100) were administered a 4-mg
dose of iron-stable isotope *’Fe (Trace Sciences International Corps) in
the form of an aqueous solution of ferrous sulfate, prepared with a
crushed 50-mg tablet of vitamin C in 30 mL mango juice. The isotope-
dosing syringe was weighed before and after injecting the isotope into the
mango juice, and the cup from which the child drank the isotope plus
juice mixture was also weighed before and after consumption by the
child. Any spillage was wiped with a paper napkin that was weighed
before and after use. After consuming the isotope, the child again fasted
for 2 h under supervision. Any child who vomited or spilled the isotope
juice mixture was excluded from the isotopic analysis.

Children returned to the clinic on day 28, at which time children in
the I iron group returned their iron syrup bottles, and children in the D
group were given iron syrup to be taken home and started the next day. A
venous blood sample was collected from each child, and all children were
administered an oral 1.5-mg dose of **Fe, prepared and administered in
analogous manner as 3’Fe on day 0. Each 1.5-mg dose of *Fe was
enriched with 2.5 mg iron (0.75 mL of the liquid ferrous sulfate syrup)
to make the total iron content of each dose of *’Fe and **Fe equivalent
at 4 mg (10). All children returned to the clinic on day 56 for their final
phlebotomy to assess iron status.

Venous blood collected at day 0, day 28, and day 56 was centrifuged
immediately at 1500 X g for 10 min at room temperature. Plasma and
red blood cells were stored at —80°C until shipment to the United
States. Plasma concentrations of ferritin (Ramco Laboratories), soluble
transferrin receptor (sTfR; Ramco Laboratories), hepcidin (Peninsula
Laboratories), and C-reactive protein (CRP; R&D Systems) were
measured by an ELISA assay at the University of Minnesota. Isotopic
enrichment of red blood cells was calculated by inductively coupled
plasma mass spectrometry at Baylor College of Medicine to provide a
direct estimate of the proportion of iron isotope incorporated into red
blood cells on day 0 (°*’Fe) and day 28 (**Fe). For the purpose of these
calculations, each child’s blood volume was assumed to be 80 mL/kg
body weight (13).

8 Abbreviations used: CRP, C-reactive protein; D, delayed iron group; I, imme-
diate iron group; sTfR, soluble transferrin receptor; ZPP, zinc protoporphyrin.



Ethical review. Written informed consent was obtained from parents
or guardians of all study participants. Ethics approval for the study
was granted by the Institutional Review Board of the University of
Minnesota, the Research and Ethics Committee of Makerere University
School of Medicine, the Uganda National Council of Science and
Technology, and the Ugandan National Drug Authority. This study was
registered at clinical trials.gov as NCT01754701.

Statistical analysis. All analyses were intention to treat. We compared
baseline characteristics, including age, sex, and anthropometric indexes,
between the treatment groups by ¢ test for continuous outcomes and x>
test for dichotomous outcomes. Because it was not normally distributed,
malaria parasite density was compared with Wilcoxon’s signed rank test.
To accomplish the primary aim of comparing iron incorporation at the
start of supplementation in the I compared with D groups, we compared
the mean percentage of iron incorporation at day 0 in the I group with
the mean percentage of iron incorporation at day 28 in the D group by
t test. Adjusted analysis controlled for day 0 plasma ferritin concentration.
To determine whether hematologic recovery was different at day 56 in
the I compared with D groups, we compared day 56 values of iron
biomarkers by # test. We repeated this analysis to test intervening values
of iron biomarkers at day 28. The distributions of iron markers other
than hemoglobin were not normally distributed. Accordingly, they were
log-transformed before analysis, and geometric means were calculated.
To prevent negative logarithms, we added 1 to all values of CRP,
hepcidin, and ferritin before log transformation. Anthropometric
indexes (z scores for height-for-age, weight-for-age, and weight-for-
height) were calculated with the 2006 WHO Growth Standards (14).

To identify iron and inflammatory markers associated with iron
incorporation at the start of supplementation (day 0 or day 28), we
constructed 2 multiple linear regression models. In the first, we included
the entire sample of children to identify factors associated with iron
incorporation at baseline, that is, after a clinical malaria episode. In the
second model, to identify factors associated with iron incorporation
when iron is started 28 d after antimalarial treatment, we included only
children in the D group. For each model, iron incorporation percentage
(day 0 or day 28) was the outcome variable, with iron, inflammatory,
and anthropometric markers as predictors. We constructed each model
with a stepwise approach, with the use of forward selection and retaining
in the model those variables that remained statistically significant at
P <0.05.

We based our sample size of 100 children on the reported variation
among children in ’Fe incorporation reported in Doherty et al. (10),
with 40 children needed in each group to provide a clinically significant,
detectable difference of 4.5% in red cell incorporation between groups,
assuming 80% power and a = 0.05. We recruited 100 children, that is, 50
children in each group, to allow for up to 20% loss to follow-up.

Results

Of the 100 children enrolled, all had ZPP =80 pmol/mol heme
and were randomly assigned to the I or D iron groups. Four
children were withdrawn (1 in the I group; 3 in the D group) and
2 were lost to follow-up (both in the D group; Figure 1). Two
children in the I group spilled *"Fe on day 0, and 1 child missed
the clinic visit on day 28, whereas 2 children in the D group
spilled *®Fe, and 2 children missed the clinic visit on day 56,
permitting assessment of the primary aim of incorporation at the
time of initial iron supplementation possible for 46 children in
the I group and 41 children in the D group. The study groups did
not differ significantly in age or sex (Table 1). Approximately
20% of children in each group were stunted (height-for-age z
score <—2) and more than one-third were underweight (weight-
for-age z score <—2). Median malaria parasite density was
equivalent between the groups.

Iron incorporation (mean * SE) was equivalent between
children in the I and D treatment groups on day 0 (I group: 7.9% *+
0.5%; D group: 9.5% = 1.0%; P = 0.15). On day 28, mean iron

incorporation among children in the I group was 6.2% =
0.9%, and mean incorporation in the D group was 16.5% =
1.7% (P < 0.001). Starting iron therapy 28 d after antimalarial
treatment rather than concurrently with antimalarial treatment
was thus associated with a statistically significant, 2 times
greater percent of iron incorporation at the time of initial
supplement administration than concurrent administration of
antimalarial treatment and iron therapy (I group compared with
D group: 7.9% compared with 16.5%; P < 0.001). This difference
remained significant after controlling for baseline plasma ferritin
concentration (P < 0.001). Exclusion of 6 children (4 in the
I group; 2 in the D group) within the inclusion hemoglobin range,
but still necessitating blood transfusion, also did not affect these
results (P-difference < 0.001).

Hematologic, iron status, and inflammatory markers were
equivalent between the treatment groups at baseline and
collectively reflected inflammation and functional iron defi-
ciency (Figure 2). All children were anemic (hemoglobin:
<100.0 g/L) by inclusion criteria. Mean hemoglobin was ~80.0
g/L, and geometric mean ZPP was just >200 pmol/mol heme in
each group. Geometric mean plasma ferritin was ~500 pg/L in
each group, and geometric mean plasma concentrations of
CRP and hepcidin were correspondingly high, at >70 mg/L and
>90 ng/mL, respectively. Geometric mean plasma sTfR con-
centration was similar between the groups and was below
the iron deficiency threshold of 8.3 mg/L, although 14 children
(7 in the I group; 7 in the D group) did have a plasma TfR concen-
tration >8.3 mg/L.

At day 28, after all children had been treated for malaria, but
only children in the I group were administered daily iron
supplementation for 27 d, inflammation, as measured by CRP,
was largely resolved in both groups. Hemoglobin increased in
both groups but was significantly higher among children in the
I group than in the D group (112 * 12.4 compared with 105 =
15.9 g/dL; P = 0.04). A total of 18 children (5 in the I group; 13
in the D group) remained anemic with hemoglobin <100.0 g/L
(x* P = 0.18). ZPP declined by day 28, but all children still had
a ZPP value >80 pmol/mol heme, and ZPP [geometric mean
(95% CI)] was not statistically significantly different between
the treatment groups [I group: 135 pmol/mol heme (119, 154
pmol/mol heme) compared with D group: 160 pmol/mol heme
(137, 187 pmol/mol heme); P = 0.10]. Remaining plasma markers
[geometric mean (95% CI)] suggested better iron status among
children in the I group than in the D group at day 28 as follows:
ferritin was greater [79.9 pg/L (58.3, 109.6 pg/L) compared with
39.3 ng/L (23.5, 65.7 pug/L); P = 0.02], sTfR was lower [6.7 mg/L
(6.1, 7.5 mg/L) compared with 8.9 mg/L (7.4, 10.5 mg/L); P = 0.01],
and hepcidin was higher [38.8 ng/mL (28.3, 53.3 ng/mL)
compared with 13.3 ng/mL (8.3, 21.2 ng/mL); P < 0.001].

By day 56, after children in the D group were administered
27 d of iron supplementation but children in the I group were
administered no additional iron supplementation, all markers
were equivalent between the 2 treatment groups. Hemoglobin
was >100.0 g/L in all but 5 children (2 in the I group; 3 in the D
group). ZPP concentrations declined further from day 28, but
ZPP [geometric mean (95% CI)] remained elevated in each
group [I group: 115 wmol/mol heme (101, 130 wmol/mol heme);
D group: 132 pmol/mol heme (114, 152 wmol/mol heme); P =
0.14], and only 14 children (9 in the I group; 5 in the D group)
had a ZPP concentration <80 pwmol/mol heme. Mean plasma
ferritin was ~40 pg/L in both groups (P = 0.94). Mean (95% CI)
plasma sTfR tended (P = 0.05) to be higher among children in
the D group [I group: 4.7 mg/L (4.3, 5.3 mg/L); D group: 5.7 mg/L
(4.9, 6.6 mg/L)]. Eleven children (7 in the I group; 4 in the D
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group) had a plasma ferritin concentration <12 pg/L, whereas 11
children had a plasma sTfR concentration >8.3 mg/L (2 in the I
group; 9 in the D group). Two children, both in the D group, had
both low plasma ferritin and elevated sTfR. Both plasma hepcidin
and CRP had normalized by day 56 and were equivalent between
the groups.

In bivariate analysis, baseline log sTfR (B = 6.4, R* = 10.1%,
P < 0.01), log hepcidin (B = —2.2, R* = 8.9%, P < 0.01), and log
ZPP (B = 7.2, R* =7.5%, P = 0.01) concentrations significantly
predicted iron incorporation of *“Fe. Anthropometric indexes,
hemoglobin, log ferritin, log CRP, or log malaria parasite density
were not significantly associated with incorporation of *’Fe (all
P >0.05). Age was marginally significant when added alone (P =
0.07), but in multivariate models sTfR concentration along with
age best predicted °Fe incorporation (R = 18.9%), with greater
37Fe incorporation associated with both older age and greater
concentrations of sTfR.

On day 28, concentrations of hepcidin (B = —10.1, R? =
37.9%, P = <0.001), ferritin (B = —7.5, R* = 19.9%, P < 0.001),
CRP (B =—4.5,R*=5.7%, P =0.04), ZPP (8 = 11.0, R* = 5.8%,
P = 0.03), and sTfR (B = 15.0, R? = 11.3%, P < 0.01) all
significantly predicted ®Fe incorporation among children who
did not receive iron until day 28, that is, among children in the D
group. Hemoglobin concentration at day 28 did not significantly
predict *®Fe incorporation, but baseline hemoglobin did, with
greater baseline hemoglobin associated (8 = 1.4, R = 5.3%, P =
0.04) with higher iron incorporation at day 28. Multivariate
analysis revealed that lower concentrations of hepcidin at day
28 and greater day 0 hemoglobin concentrations together best
predicted *®Fe, that is, iron incorporation begun 28 d after
antimalarial treatment, accounting for 41.2% of the variability
in *8Fe incorporation.

Forty-one of the 100 children (25 in the I group; 16 in the D
group) visited the study clinic during the 8 wk of enrollment for

TABLE 1 Baseline characteristics of Ugandan children with malaria and anemia by study group'

Immediate (n = 50) Delayed (n = 50) P
Age, y 2212 22 =11 0.79%
Sex, M 30 (60) 27 (54) 0623
HAZ* —14 * 1.1 -13+10 057
HAZ <—2 11(229) 10 (21.7) 0.89
WHZ* —085 * 1.2 —0.78 = 1.1 076
WHZ <2 8(16.7) 5(10.8) 0.42
WAZ® —15+ 1.1 —0.78 = 1.1 059
WAZ <—2 19(38.0) 17 (34.7) 073
Malaria parasite density,? parasites/uL 46,700 [4600; 111,000] 31,300 [1240; 94,100] 0.407

" Values are means * SDs, medians [IQRs], or n (%). HAZ, height-for-age z score; WAZ, weight-for-age z score; WHZ, weight-for-height

Z score.

2 Determined by t test that compared immediate with delayed groups (all means).

3 Determined by x? test (all proportions).
4 Immediate, n = 48; delayed, n = 46.

5 Delayed, n = 49.

% Immediate, n = 46; delayed, n = 43.

7 Wilcoxon’s rank sum test compared immediate with delayed groups.
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FIGURE 2 Plasma iron and inflammatory markers at day 0, day 28, and day 56 in 100 Ugandan children aged 6-59 mo with malaria and anemia
who started iron therapy concurrently with antimalarial treatment (immediate, |) or 28 d after antimalarial treatment (delayed, D). Error bars reflect
SD for arithmetic mean and 95% Cl for geometric means. Sample size for indicators (day O, day 28, day 56) were as follows: hemoglobin (I group:
50, 43, 42; D group: 49, 41, 42), zinc protoporphyrin (I group: 50, 46, 45; D group: 49, 43, 42), plasma ferritin (I group: 50, 45, 43; D group: 48, 40,
43), plasma sTfR (I group: 50, 45, 43; D group: 48, 41, 43), plasma hepcidin (I group: 48, 45, 42; D group: 47, 39, 43), and plasma CRP (I group: 48,
45, 43; D group: 47, 41, 41). CRP, C-reactive protein; sTfR, soluble transferrin receptor.

=1 illness. Twenty children had a diagnosis of malaria (12 in the
I group; 8 in the D group). Neither the number of children who
had =1 sick child visit (P = 0.07) nor the number of children
with a malaria diagnosis during a sick child visit (P = 0.32)
differed significantly between the treatment groups.

Discussion

We aimed to determine whether oral iron therapy started concur-
rently with antimalarial treatment according to the WHO standard
of care or iron therapy started 28 d after antimalarial treatment
resulted in better iron incorporation at the time of initial supple-
ment administration and improved hematologic recovery at day
56 in Ugandan children with anemia and malaria. Our primary
findings were 1) iron incorporation was twice as great if iron
supplementation was started 28 d after antimalarial treatment
compared with concurrently with antimalarial treatment; 2) values
of iron and inflammatory markers were equivalent at day 56
regardless of whether iron supplementation was started immedi-
ately or after 28 d; and 3) intervening day 28 values of iron and
inflammatory markers suggest that poorer iron status, rather than
lower inflammation, among children in the D group explained the
greater iron incorporation at the start of supplementation, that is, at
day 28, in that group.

Our iron incorporation value of ~8% at baseline is consis-
tent with 2 studies of iron incorporation in young children with
malaria (10, 15). However, our findings that iron incorporation
is 2 times greater if the start of oral iron supplementation is
delayed by 4 wk after antimalarial treatment are in contrast to
those of Glinz et al. (15) who found no significant difference in
iron incorporation in Malawian children aged 12-24 mo who
were administered iron supplements at the same time compared
with 2 wk after antimalarial treatment. Potential explanations

for the difference between that study and our own include the
difference in the time of delay of iron supplementation, that is,
2 wk compared with 4 wk, and also the iron dose, which at 30 mg
for the 12- to 24-mo-old children in the Malawian study was
considerably greater than ours and could have obscured differ-
ences in the regulation of iron absorption that occur with a
lower dose. In a separate study in Ivorian school-age children,
Glinz et al. (16) did find that afebrile P. falciparum infection
significantly reduced iron absorption by one-half, although it
did not affect systemic iron utilization.

Although we did find that iron incorporation is significantly
greater if iron supplementation is started 28 d after antimalarial
treatment, our data do not support our original hypothesis that
greater incorporation at day 28 would be due to lower inflamma-
tion and more complete liberation of body iron from storage
compartments. Rather, as evidenced by the lower hemoglobin,
ferritin, and hepcidin concentrations and greater sTfR concentra-
tions, children in the D group appeared to be more iron deficient at
day 28, which likely drove the greater isotopic iron incorporation
in this group at this time. Concentrations of CRP were equivalent
between the groups at day 28, suggesting that differences in iron
biomarkers at this time point were attributable to iron status alone
and not to inflammation. However, all iron markers were equiv-
alent between the groups by day 56.

We based the 28-d delay in the start of iron supplementation in
the present study on the results of Doherty et al. (10), who found
that iron incorporation remained significantly suppressed 15 d
after antimalarial treatment in children recovering from postma-
larial anemia compared with children recovering from iron
deficiency anemia alone. Further, P. falciparum-induced increases
in hepcidin concentration only normalized after 4 wk in young
Tanzanian children recovering from malaria (12). However, on
the basis of the results from the present study, it appears that in
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children with malaria and anemia a 4-wk delay may be longer
than necessary. The degree of inflammation and resulting
amount of iron trapped in reticuloendothelial stores might be
an important factor to consider. We recently reported a study
with the same randomization design of immediate compared with
28-d delayed iron, but without stable isotope assessment, in
Ugandan children with severe malaria (cerebral malaria or severe
malarial anemia) (17). In that study, hepcidin was lower and ferritin
was higher at day 28 in children who were administered iron
supplements immediately, as in the present study, but hemo-
globin, ZPP, and sTfR were not statistically significantly
different between the T and D groups. It is possible that because
children with severe malaria in the previous study were considerably
more inflamed, having a mean CRP concentration >500 mg/L
compared with ~70 mg/L in in the present study, their iron delivery
could be sustained longer by the liberation of iron from stores after
antimalarial treatment than children in the present study whose iron
stores were seemingly depleted by day 28.

With our study design, we are unable to determine when
hepcidin and CRP declined between day 0 and day 28, permitting
absorption and distribution of the iron supplement and improve-
ment of iron status in children in the I group. It is possible that
hepcidin and CRP concentrations decreased after 2 wk, permit-
ting iron to be absorbed for 2 wk before the assessment point on
day 28 when the children in the D group first were administered
iron supplements. By nearly all biomarkers, however, children in
the D group had poorer iron status at this point, with lower
hemoglobin, ferritin, and hepcidin and greater sTfR. All values
were equivalent, at day 56, after children in the D group were
administered iron for 27 d.

A consideration that we are unable to address with the
present study design is long-term outcomes associated with
immediate compared with delayed iron therapy. For example,
despite having initially poorer iron status at day 28, it remains
unknown if children in the D group have better long-term iron
status or fewer infections. Morbidity was not significantly
different in the present study between the treatment groups, and,
although there was a trend toward more children with =1 return
visit to the health clinic in the I group, this study was not powered
for those outcomes nor was the follow-up time ample for full
surveillance. If long-term morbidity was mitigated in children
whose iron supplementation was delayed by 28 d, it remains
unclear if having transiently poorer iron status might be accept-
able. Only adequately powered clinical trials with longer follow-
up can answer these questions. The results from the present study
do not demonstrate a clear benefit in delaying iron therapy by
4 wk in children with malaria in terms of iron status after 8 wk,
despite suboptimal iron incorporation when iron therapy is
started concurrently with antimalarial treatment, but they do
demonstrate that iron status at 8 wk is no different if iron therapy
is started immediately with antimalarial treatment or is delayed.
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