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Objective. To determine whether human immunodeficiency virus (HIV) infection is associated with increased
risk of malaria incidence and recurrence in children.

Methods. Newborn infants of HIV-infected mothers were enrolled at 6 weeks and followed for 2 years. HIV
status was assessed by enzyme-linked immunosorbant assay and confirmed by HIV DNA polymerase chain reac-
tion. Malaria was defined as (1) physician-diagnosed clinical malaria; (2) probable malaria, in which laboratory
testing is requested for parasitemia; and (3) blood smear-confirmed malaria. Cox proportional hazards models
estimated hazard ratios (HRs) for development of first and second malaria episodes, and generalized estimating
equation models estimated malaria rate differences per 100-child-years in relation to time-updated HIV status.

Results. Child HIV infection was associated with clinical (HR, 1.34; 95% confidence interval [CI], 1.12-1.61),
probable (HR, 1.47; 95% CI, 1.19-1.81), and confirmed (HR, 1.67; 95% CI, 1.18-2.36) malaria episodes. Per 100
child-years, HIV-infected children experienced 88 (95% CI, 65-113), 36 (95% CI, 19-53), and 20 (95% CI, 9-31)
more episodes of clinical, probable, and confirmed malaria episodes, respectively, than HIV-uninfected children.
Among children with >1 malaria episodes, those with HIV infection developed second clinical (HR, 1.28; 95% CI,
1.04-1.57), probable (HR, 1.60; 95% CI, 1.26-2.14), and confirmed (HR, 2.27; 95% CI, 1.06-3.89) malaria sooner
than HIV-uninfected children.

Conclusions. HIV infection is a risk factor for the development of malaria. Proactive malaria disease preven-
tion and treatment is warranted for all children, particularly those with HIV infection in settings of coendemicity.

Nearly 22.5 million persons live with human immuno-
deficiency virus (HIV) in sub-Saharan Africa (SSA)
[1], where 2.25 million cases of clinical malaria occur
yearly [2]. More than 70% of AIDS deaths and 90% of

malaria-related  deaths occur in  SSA. The
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disproportionate burden of these 2 infections in the
region is well described [3], and simultaneous infec-
tion by both (so-called coinfection) may be as high as
30% [4]. Even modest negative interactions between
them in coinfected populations could substantially
amplify the morbidity and mortality associated with
these infections in SSA [5].

In coinfected persons, HIV and Plasmodium organ-
isms could interact with implications for malaria
disease. HIV infection impairs T-cell immunity and
antibody responses necessary for effective antimalarial
response. These factors may explain the attenuation of
age-acquired malaria immunity [6, 7], loss of gravidity-
specific pattern of placental malaria [8, 9], and higher
frequency and severity [10] of malaria infections ob-
served in HIV-positive adults. Equally important, the
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prophylactic drug cotrimoxazole routinely prescribed to HIV-
positive individuals may provide some protection from malaria
by inhibiting the in vivo survival of some Plasmodium species
(8].

Whether HIV infection affects the risk of malaria in chil-
dren is unclear. Results from different epidemiologic studies
produced conflicting results that suggested no association [9,
11, 12], protection [13, 14], or higher risk [15, 16] of malaria
for HIV-positive versus HIV-negative children. Variation
with respect to child age and the local malaria transmission
pattern—2 factors with implication for the presence or lack of
adaptive immunity to malaria infection [17]—may have con-
tributed the heterogeneity observed across studies. In addition,
some of these studies were conducted early in the HIV epi-
demic [9, 11, 12], and others were limited by the use of a
cross-sectional [14] or hospital-based case-control design
(14, 15].

Hence, we conducted a prospective cohort study among
infants born to HIV-positive women to determine whether
malaria incidence and frequency over 2 years of follow-up was
associated with HIV infection. We also investigated whether
HIV infection was associated with shorter time to malaria re-
currence among children with >1 episode of malaria. We
hypothesized that HIV-positive children would develop both
first and second malaria episodes sooner than HIV-negative
children.

METHODS

Study Location and Population

At the beginning of this study, the prevalence of HIV infection
among patients at antenatal clinics in the mainland of Tanza-
nia was 8.4%, with mother-to-child transmission accounting
for 18% of new infections [18]. Per annum, 1 million clinical
malaria episodes are reported by health facilities in Dar es
Salaam [19], where malaria is endemic and stable with year-
round transmission. Annual malaria prevalence is 12%, with
1.28 infectious bites per person per year [20]. Thirty-one
percent of Tanzanian children aged <5 years regularly sleep
under insecticide-treated bed nets; coverage is higher (>65%)
in the eastern region, which includes Dar es Salaam [21].

This study was nested in a randomized controlled trial eval-
uating the impact of child multimicronutrient supplemen-
tation among 2387 singleton live-born infants whose mothers
were HIV-positive during pregnancy and intended to stay in
Dar es Salaam for at least 2 years after delivery. Children were
randomized at 6 weeks to receive a daily multivitamin
regimen (vitamins B, C, and E) or placebo. Children whose
mothers were unable to return for follow-up, infants with
serious congenital anomalies that interfered with study pro-
cedure compliance (eg, inability to take a daily micronutrient
regimen), and nonsingletons were excluded. The mother-child

pair returned to the clinic monthly for scheduled visits during
which health history and nutritional status were determined
and laboratory assessments were made. Study participants
were encouraged to return to the clinic for management of ill-
nesses that occurred outside of scheduled visits. The study was
conducted between February 2004 and May 2008.

Per standard of care, all mothers received folate, iron, and
intermittent preventive malaria therapy with sulfadoxine-
pyrimethamine at the 20th and 30th weeks of pregnancy.
Initially, maternal antiretroviral (ARV) medication was limited
to nevirapine that was administered prophylatically during
labor to prevent intrapartum HIV transmission. From July
2005 on, mothers began to be routinely evaluated for ARV
eligibility. Eligible mothers initiated ARV with drugs supplied
by the President’s Emergency Plan for AIDS Relief (PEPFAR)
and other programs. All newborns received nevirapine within
72 hours of birth and were prescribed cotrimoxazole until 6
months old; thereafter, only breast-feeding and HIV-positive
children continued to receive cotrimoxazole.

Malaria was diagnosed during monthly or unscheduled
visits by clinicians as follows:

1. Clinical malaria: Confirmation of malaria diagnosis prior
to treatment is recommended by the World Health Organi-
zation (WHO) [2]. However, WHO recognizes that confir-
mation may be inaccessible in some resource-limited settings.
In that case, prompt treatment based on physician diagnosis is
recommended, to minimize malaria-related deaths. This re-
flects the standard of clinical practice in the area where
malaria is symptomologically diagnosed by a physician, with/
without laboratory testing for parasitemia, following integrated
management of childhood illnesses (IMCI) guidelines [22, 23].
This approach is sensitive for malaria diagnosis but limited by
low specificity [23].

2. Probable malaria: Probable malaria was defined as a
malaria episode for which results of a laboratory test for para-
sitemia had positive or unknown results. Physician ordering of
laboratory tests is indicative of heightened clinical suspicion,
as these were typically done for febrile episodes not respond-
ing to treatment, to rule out severe or cerebral malaria in this
setting.

3. Confirmed malaria: Confirmed malaria was defined as a
malaria episode for which clinical suspicion was confirmed by
observation of any parasitemia in a blood smear. Thin smears
stained with Giemsa were made from a finger or heel prick
and left to air dry for about 30 minutes to assess malaria para-
sites in the blood. Trained laboratory technicians read each
blood slide in 3 different fields, and the parasite density per
cubic millimeter was estimated from the number of parasites
per 200 leukocytes.

4. Clinical malaria or malaria-related death (MRD): MRDs
are deaths for which malaria was the primary or secondary
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cause. One third of all child deaths in this study were MRDs.
Therefore, we analyzed clinical malaria or MRD as a compo-
site end point to determine its association with HIV status. A ver-
bal autopsy was performed in all cases of child death. Coding
of the cause of death from the verbal autopsies was performed
independently by 2 pediatricians (K. P. M. and C. D.), and
differences were adjudicated by a third pediatrician.

HIV status was determined at 6 weeks by HIV DNA poly-
merase chain reaction, using Amplicor HIV-1 DNA, version
1.5 (Roche Molecular Systems, Branchburg, NJ). At 18 months
of age, HIV serostatus was determined using Murex HIV
antigen/antibody (Abbott Murex, Dartford, United Kingdom),
followed by the Enzygnost anti-HIV-1/2 Plus enzyme-linked
immunosorbant assay (Dade Behring, Marburg, Germany),
and the discordant results were resolved through Western blot
assay [24]. For children who were HIV positive at 24 months,
back-testing of blood samples from months 6, 12, and 18 were
done to determine the window of seroconversion.

CD4 cell count and CD4 cell percentage were used as
markers of maternal and child immunologic status, respec-
tively, and were defined as high versus low (for mothers,
absolute CD4 cell counts of <350 vs >350 cells/mL and for
children CD4 cell percentages of <25% vs >25%), in light of
CD4 distribution in our data and using earlier studies as pre-
cedents for determining biologically relevant CD4 thresholds
[25]. For children, CD4 cell percentage was determined by the
FACSCalibur system (Becton Dickinson, San Jose, CA) as the
ratio of the CD4 cell count to the total lymphocyte count.
Both child and maternal indicators of immunologic status
were time updated within each follow-up interval.

Statistical Analyses

Children with no HIV or malaria data were excluded from
all analyses. Incident malaria analyses were restricted to
children without malaria at baseline. We conducted 3 sets of
analyses. First, Cox proportional hazards models were used to
estimate hazard ratios (HRs) for current HIV-positive versus
HIV-negative status in relation to development of first malaria
and to the composite end point, clinical malaria or MRD.
Second, we estimated malaria rate differences per 100 child-
years for current HIV-positive versus HIV-negative children
by means of a generalized estimating equations (GEE) model
with multiple observations per child, using an unstructured
working correlation structure and identity link [26]. Within-
subject clustering was specified for this GEE model to account
for nonindependence of repeated malaria episodes for some
children. Following previous analyses of Plasmodium falci-
parum malaria, we distinguished between malaria episodes
that occurred >14-days apart [6, 27]. Third, we evaluated
the potential for synergy between malaria and HIV infec-
tion in the development of subsequent malaria among

children with a prior history of malaria. In this analysis, we
estimated the extent to which children with both infec-
tions had a shorter time to the development of a subsequent
malaria episode, using Cox proportional hazards models.
For this analysis, the time of the first clinical, probable, and
confirmed malaria diagnosis for each child was taken as
baseline.

For the Cox proportional hazards models, we used an
Anderson-Gill data structure to split each child’s follow-up
period into blocks of person-time reflecting the interval
between 2 consecutive visits. Within each interval, beginning
and end time were defined as age at the beginning and end of
the interval respectively. All time-varying covariates including
breast-feeding, HIV infection, cotrimoxazole compliance, and
child and maternal indicators of immunologic status were
updated to their values at the start of each interval.

We expected that maternal and child immunologic status
(defined as CD4 cell count for mothers or CD4 cell percentage
for children) could be modifiers, mediators, and confounders
of the HIV infection and malaria association. Therefore, we
examined the possibility of both confounding and effect modi-
fication in multivariate models. Immunologic status was
deemed a confounder if its adjustment changed the magnitude
of the HIV infection-malaria association by >10% in either
direction. To examine effect modification, we separately intro-
duced the product terms “HIV*maternal CD4 cell count” or
“HIV*child CD4 cell percentage” in a multivariate model
already containing separate main effects for HIV infection and
maternal CD4 cell count or child CD4 cell percentage and
examined improvement in overall model fit, using the likeli-
hood ratio test. If the addition of the interaction term im-
proved the model fit as judged by difference in likelihood ratio
tests for models with and without the interaction term, ana-
lyses were repeated within the strata of high versus low
maternal or child immunologic status.

All multivariate models adjusted for season of consultation
(in 2 categories: long-duration rains [November-February]
and short-duration rains [March-May] vs dry season [June—
October]) and several child factors (sex, low birth weight, CD4
cell percentage of <25 vs >25, cotrimoxazole compliance, and
breast-feeding status [yes vs no]), intervention regimen (multi-
vitamin vs placebo), maternal factors (age, history of early
neonatal mortality, CD4 cell count of <350 vs >350 cells/uL,
years of education, and marital status), and household factors
(socioeconomic status, defined as a family per-capita daily
food expenditure of >500 Tanzanian shillings [equivalent to
approximately US$0.37 at the time of writing). Cotrimoxazole
compliance was determined on the basis of the mothers’
response to the question, “Did you give any cotrimoxazole to
your child over the past month?” Final models included all
potential confounders that changed the effect estimate by
>10% in either direction, as well as above mentioned potential
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3500 pregnant women (‘
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61 Twin deliveries

430 Deliveries did not return for randomization
\41& Delivery status unknown, lost to follow-up

20 HIV status not ascertained
47 Malaria status not ascertained

Screening, recruitment, and randomization into parent study, and derivation of analytic sample.

risk factors for malaria, even if these did not meet the strict
criteria for confounding. All analyses were conducted in SAS,
version 9.1 (SAS Institute, Cary, NC).

Ethical clearance for the conduct of the parent trial was
provided by the institutional review boards of the Harvard
School of Public Health and Muhimbili University of Health
and Allied Sciences. The mothers of all children provided
written informed consent for their own and their child’s par-
ticipation in the trial.

RESULTS

Included in this secondary analysis are 2320 children derived
as specified in Figure 1. At baseline, 240 children (10%) had
clinical malaria, 63 (3%) had probable malaria, and 21 (1%)
had confirmed malaria, and 255 (11%) were HIV positive.
Relative to HIV-negative children, HIV-positive children had
more clinical malaria episodes and lower body weights and
CD4 cell levels at baseline. There was no difference in the
prevalence of probable and confirmed malaria by baseline
HIV status (Table 1). Children were followed for a median of
92 weeks (interquartile range [IQR], 37-147 weeks), during
which another 4% (91) became HIV positive. Forty percent
(143) of children who were ever HIV positive were receiving
ARV therapy.

During follow-up, 1380 of 2075 (66.6%), 899 of 2256
(41.8%), and 418 (19%) children developed >1 episode of

clinical, probable, and confirmed malaria, respectively. Of the
768 laboratory tests for parasitemia in which results were
available, 35 (5%) were negative. Overall mean parasitemia
density (+SD) was 3.12+3.56 trophozoites per 200 white
blood cells. HIV-positive children were at higher risk of deve-
loping a first clinical, probable, and confirmed malaria
episode, compared with HIV-negative children, with estimates
of higher risk ranging from 34% (95% CI, 12%-61%) for clini-
cal malaria to 67% (95% CI, 18%-136%) for confirmed
malaria (Table 2). Including all malaria events, HIV-positive
children experienced more episodes of malaria per 100 child-
years than HIV-negative children. The estimated risk differ-
ence in malaria per 100 child-years for HIV-positive relative
to HIV-negative children ranged from 20 (95% CI, 9-31) for
confirmed malaria to 88 (95% CI, 65-148) for clinical malaria
(Table 3). The difference in malaria rate per 100 child-years
for HIV-positive versus HIV-negative children decreased with
increasing specificity of malaria diagnosis; however, all esti-
mates were robust to adjustment for season, per-capita daily
food expenditure, child characteristics (sex, underweight, treat-
ment group, breast-feeding status, and cotrimoxazole compli-
ance), and maternal factors (age, educational status, baseline
CD4 cell count, and early neonatal mortality history)
(Tables 2 and 3).

Among children with >1 malaria episodes during the study
period, repeat infections were common, with 1121 of 1547
(72.5%), 442 of 942 (46.9%), and 140 of 439 (31.9%)
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Table 1. Characteristics of 2320 Enrolled Children at Baseline
by Human Immunodeficiency Virus (HIV) Status

Characteristic HIV Positive® HIV Negative P°
Enrolled subjects 255 (11) 2043 (89)
Maternal and household factors
Maternal age at enrollment 286+49 282+5.0 .52
(years)
Maternal baseline CD4 T-cell 467 £ 516 549 £ 351 <.001
count (cells/ul)
Maternal education (years) 72+24 72+28 .80
Parity, including current child 26+13 26+13 .62
Maternal history of >1 early 15 (5.9) 83 (4.1) 17
neonatal mortality®
Married/living with partner 212 (84.5) 1764 (87.2) .23
Household daily food 182 (71.4) 1436 (70.3) .72
expenditure >500 T shilling®
Child factors
Age at enrollment (days) 41.0+30 406+29 .025
Birth weight (kg) 29+05 3.1+05 <.001
Weight at baseline (kg) 41 +£0.7 45+0.7 <.001
Baseline CD4 percentage (%) 29.4 + 10.3 38.0 + 10.6 <.001
Sex (male) 124 (48.6) 1118 (54.8) .066
Low birth weight (<2500 g) 42 (17.5) 110 (5.6) <.001
Underweight (WAZ < -2) 52 (20.6) 148 (7.3)  <.001
CD4 cell percentage
<15% 16 (7.7) 37(2.3) <.001
15%-25% 54 (26.0) 132 (8.0)
>25% 138 (66.4) 1475 (89.7)
Malaria outcome
Clinical malaria 42 (16.5) 198 (9.7) <.001
Probable malaria with 9(3.5) 54 (2.6) 41
laboratory test
Confirmed malaria 4 (1.6) 17 (0.8) 24

Data are no. (%) of children or mean = SD.

Abbreviations: IQR, interquartile range; WAZ, weight-for-age z score.

@ Baseline HIV positivity denotes child seroconversion <30 days of baseline.

® Estimated via t tests for differences in mean, by HIV status, for continuous
variables; for tests of differences in proportion, x? tests with appropriate
degrees of freedom are used.

¢ Number of children born alive but died <7 days of birth.

d At the time this study was conducted, 1350 Tanzanian shillings was equal
to US$1 and 500 Tanzanian shillings was equal to approximately US$0.37.

experiencing >1 more clinical, probable, and confirmed
malaria episode, respectively, during follow-up. The risk of de-
veloping a subsequent clinical, probable, and confirmed
malaria episode was higher for HIV-positive relative to HIV-
negative children, with relative hazard ratios ranging from 28%
(95% CI, 4%-57%) for clinical malaria to 127% (95% CI, 32%-
289%) for confirmed malaria episodes (Table 4). The associ-
ation between HIV infection and the combined end point of
clinical malaria or MRD were similar in magnitude and direc-
tion to that for HIV infection and clinical malaria (Tables 2
and 4).

Among HIV-positive children, there was no difference in
clinical (HR, 1.39; 95% CI, 0.67-2.86), probable (HR, 1.18;
95% CI, 0.62-2.23), and confirmed (HR, 0.86; 95% CI, 0.18-
4.01) malaria incidence for children receiving ARV, relative
to those not receiving ARVs. The prevalence of any breast-
feeding and cotrimoxazole use was 98.5% and 71%, respect-
ively. Current breast-feeding (HR, 0.21; 95% CI, 0.13-0.34)
and cotrimoxazole use (HR, 0.69; 95% CI, 0.57-0.83) pro-
tected against the development of malaria. Low versus high
current maternal CD4 cell count (HR, 0.91; 95% CI, .82-1.02)
and child CD4 cell percentage (HR, 0.90; 95% CI, .77-1.04)
were not independent predictors of malaria incidence.
However, the rate of clinical malaria per 100 child-years was
modified by maternal (P value for interaction =.03) and child
(P value for interaction =.02) immunologic status, such that
the association between HIV infection and malaria rates was
generally strongest in the strata of lower immunologic compe-
tence (Figure 2). For both probable and confirmed malaria
episodes, trends of stronger associations between HIV infec-
tion and malaria rates per 100 child-years persisted among
children with a CD4 cell percentage of <25%, compared with
>25%, and among mothers with a CD4 cell count of <350,
compared with >350 cells/uL, but these differences were not
statistically significant (data not shown).

DISCUSSION

These recent data from Tanzania suggest that HIV-infected
children were more likely than HIV-negative children to
develop malaria over 2 years of follow-up. Repeat malaria epi-
sodes were common, and children coinfected with HIV had a
28%-127% higher risk of developing a second malaria episode
as compared to HIV-negative children. This finding suggests
the presence of synergistic negative interactions between HIV
infection and malaria in coinfected children that may amplify
malarial morbidity in such children. Equally important, we
confirmed well-described protective roles of breast-feeding
[28] and cotrimoxazole use [29] in child malarial morbidity.
These results were generally robust to malaria diagnostic cri-
teria, as well as to adjustment for potential confounding by
seasonality and several child and maternal factors.

Our finding of a positive association between HIV-positive
status and malaria incidence is consistent with reported find-
ings among adults in Malawi and Uganda [6, 7] and corrobo-
rates findings from 2 previous reports of more severe malaria
morbidity and mortality for HIV-positive versus HIV-negative
Kenyan and Ugandan children [15, 16]. Our results are also
consistent with findings from a Ugandan study of 77 HIV-
infected and 232 HIV-uninfected children of HIV-positive
mothers and 125 age-matched HIV-unexposed children fol-
lowed from birth to 4 years old. In line with our findings,

these investigators found that HIV-infected children
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Table 2. Current Human Immunodeficiency Virus (HIV) Status in Relation to First Bout of Malaria in Children of HIV-Positive Women

From Dar es Salaam, Tanzania

No. of Children Univariate Model Multivariate Model®

Outcome With Event Without Event HRP (95% Cl) HR (95% Cl)
Clinical malaria 1380 851 1.26 (1.07-1.48) 1.34 (1.12-1.61)
Probable malaria 899 1438 1.39 (1.15-1.66) 1.47 (1.19-1.81)
Confirmed malaria 418 1949 1.42 (1.05-1.93) 1.67 (1.18-2.36)
Combined malaria/mortality end point

Clinical malaria or malaria-related death 1393 838 1.26 (1.07-1.48) 1.34 (1.12-1.61)

Abbreviations: Cl, confidence interval; HR, hazard ratio.

@ Multivariate models are adjusted for several time varying and non-time-varying child, maternal, climatic, and household factors. Baseline covariates adjusted
include child sex, supplementation (micronutrient vs placebo), birth weight (<2500 vs >2500 g), per-capita household daily food expenditure (<500 vs >500
Tanzanian shillings), maternal age (<25, 256-29, 30-34 vs >35 years), maternal education (<7, 7 vs >7 years), and maternal history of prior early neonatal
mortality. The time-varying covariates adjusted for include current cotrimoxazole use, current breast-feeding status, season of visit, and current maternal CD4 cell
count (<350 vs >350 cells/uL).

© Regression models show the relative hazard of developing a first malaria episode or the composite end point clinical malaria or malaria specific mortality for

HIV-positive children versus HIV-negative children.

developed malaria earlier and had more severe morbidity
(hospitalization and requirement of blood transfusions) per
than HIV-uninfected children [13].
However, paradoxically and in contradiction with our results,

malaria  episode
the same study also found that HIV-positive status protected
against the development of malaria in the first, second, third,
and fourth years of life. Of note, follow up duration was much
shorter for HIV-positive relative to HIV-negative children
(median, 19.5 vs 31.4 months) because of AIDS-related death
in HIV-positive children. Hence, this contradiction could be
partially explained by mortality-driven noncomparability of
malaria at-risk periods for HIV-positive relative to HIV-nega-
tive children.

Our finding of positive associations between HIV-positive
status and malarial morbidity is also in conflict with findings

from 3 other studies [9, 11, 12]. Unlike our study, these found
no difference in malaria prevalence [11], malaria incidence
[9], and malaria frequency by HIV status. There was also no
difference in malaria parasitemia density [11] and response to
treatment [12] for HIV-positive versus HIV-negative infants
[9, 11, 12]. We note salient design differences between our
study and these others, including short follow-up duration [9,
12], use of data from early instead of later stages of the HIV
epidemic [9, 11, 12], statistical power limitation due to small
sample sizes [9, 11, 12], and use of hospitalized pediatric
HIV-positive populations and hospital-based HIV-negative
controls [9, 11, 12] that may limit the direct comparison of
our results with these studies. Future epidemiologic investi-
gations of this relationship will be useful to confirm or refute
our findings.

Table 3. Malaria Episodes for Children With and Without Human
From Dar es Salaam, Tanzania

Immunodeficiency Virus (HIV) Infection of HIV-Infected Women

No. of Malaria
Episodes per

Univariate Rate
Difference per 100

Adjusted Rate
Difference per 100

100 Child-Years Child-Years Child-Years®
Outcome All HIV negative HIV positive RD (95% Cl) RD (95% Cl)
Clinical malaria 182.6 175.6 221.6 52.5 (29.5-75.6) 88.8 (64.5-113.2)
Probable malaria 62.3 56.3 96.1 32.9 (17.4-48.5) 35.8 (18.8-52.8)
Confirmed malaria 215 19.1 34.9 14.7 (4.9-24.5) 19.8 (8.9-30.7)

Abbreviations: Cl, confidence interval; RD, rate difference.

@ Estimates are derived from a normal generalized estimation equation model with identity link and unstructured working covariance. Multivariate models are
adjusted for several time-varying and non-time-varying child, maternal, climatic, and household factors. Baseline covariates adjusted include child sex,
supplementation (micronutrient vs placebo), birth weight (<2500 vs >2500 g), per-capita household daily food expenditure (<500 vs >500 Tanzanian shillings),
maternal age (<25, 25-29, 30-34 vs >35 years), maternal education (<7, 7 vs >7 years), and maternal history of prior early neonatal mortality. The time-varying
covariates adjusted for include percentage with cotrimoxazole compliance to date, exclusive breast-feeding status, season of visit, maternal CD4 cell count
(<350 vs >350 cells/ul), and time-updated child CD4 cell percentage (<25% vs > 25%).
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Table 4. Current Human Immunodeficiency Virus (HIV) Status in Relation to Development of a Second Malaria Episode Among Chil-

dren With >1 Malaria Episode

No. of Malaria Episodes

Univariate Association Multivariate Model®

Outcome >1 1 HRP (95% Cl) HR (95% Cl)

Clinical malaria 1119 426 1.24 (1.03-1.48) 1.28 (1.04-1.57)
Probable malaria 442 500 1.50 (1.17-1.94) 1.60 (1.20-2.14)
Confirmed malaria 140 299 1.58 (1.02-2.47) 2.27 (1.32-3.89)
Subsequent clinical malaria 1121 424 1.25 (1.05-1.50) 1.30 (1.06-1.54)

or malaria-related death

Abbreviations: Cl, confidence interval; HR, hazard ratio.

@ Multivariate models are adjusted for several time-varying and non-time-varying child, maternal, climatic, and household factors. Baseline covariates adjusted
include child sex, supplementation (micronutrient vs placebo), birth weight (<2500 vs >2500 g), per-capita household daily food expenditure (<500 vs >500
Tanzanian shillings), maternal age (<25, 256-29, 30-34 vs >35 years), maternal education (<7, 7 vs >7 years) and maternal history of prior early neonatal mortality.
The time-varying covariates adjusted for include current cotrimoxazole use, current breast-feeding status, season of visit, and current maternal CD4 cell count

(<350 vs >350 cells/uL).

b Regression models show the relative hazard of developing a second malaria episode or the composite end point of clinical malaria or malaria specific mortality

for HIV-positive children versus HIV-negative children.

One mechanism by which HIV infection could increase
malaria morbidity is via impairment of malaria-specific T-cell
immunity [10]. This in turn raises the probability that concur-
rent HIV infection could increase the risk and severity of
malaria in coinfected populations. In this study, even though
maternal and child CD4 cell counts were not independently
associated with malaria incidence, the estimated association
between HIV infection and malaria incidence were attenuated
with adjustment for these immunologic parameters, suggesting

Combined
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Figure 2. Clinical malaria rates by strata of child CD4 cell percentage
(in %) and maternal CD4 cell count (in cells/ul). Estimates are rate
differences derived from a generalized estimation equation models with
normal distribution, identity link, and unstructured working covariance.
Baseline covariates adjusted for include child sex, supplementation
(micronutrient vs placebo), birth weight (<2500 vs >2500 g), per-capita
household daily food expenditure (<500 vs >500 Tanzanian shillings),
maternal age (<25, 25-29, 30-34 vs >35 years), maternal education (<7,
7 vs >7 years), and maternal history of prior early neonatal mortality. The
time-varying covariates adjusted for include percentage with cotrimoxa-
zole compliance to date, exclusive breast-feeding status, season of visit,
maternal CD4 cell count (<350 vs >350 cells/uL), and time-updated child
CD4 cell percentage (<25% vs >25%).

that the impairment of malaria specific T-cell immunity could
be a mechanism of effect especially among children with low
baseline CD4 cell levels. However, the fact that the higher risk
of malaria for HIV-positive as compared to HIV-negative chil-
dren was often robust to adjustment for both child and
maternal CD4 cell counts also indicates that other mechan-
isms may be important.

We note 2 limitations of our study that should be con-
sidered in the interpretation of our results. First, we were
unable to adjust for bed net use, which is a well-known factor
protective against the risk of malaria and a possible surrogate
marker of adaptive maternal health-seeking behavior that may
be associated with child HIV status. If bed net use occurred
more frequently among HIV-positive children, the lack of
control for this variable may have underestimated the HIV in-
fection-malaria association in this study. Alternatively, less
frequent bed net use among HIV-positive children will result
in overestimation of the HIV infection-malaria association in
this study. Second, our findings may be affected by malaria
detection bias to the extent that diagnosis was contingent on
children exhibiting symptoms and their mothers seeking care
at study clinics. However, asymptomatic malaria in P. falciparum-
infected children <2 years old is rare because o the absence of
age-acquired adaptive immunity. Therefore, failure to detect
asymptomatic malarial morbidity is likely to have only limited
effect on our findings.

In contrast, our study has the following design strengths: its
large sample size, prospective study design, and ability to
control for important baseline and time-varying confounders,
including seasonality, breast-feeding, and cotrimoxazole use.
In Tanzania, malaria-related morbidity and mortality account
for >30% of the disease burden in the general population and
represent the leading cause of both outpatient and in-hospital
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death among children <5 years old [30]. We examined the
relationship between HIV infection and development of
malarial morbidity in this region of high HIV infection preva-
lence and stable malaria transmission within a cohort highly
susceptible to malarial morbidity. These factors enabled us to
contribute much needed information regarding the interaction
between HIV infection and development of malarial morbidity
in HIV-exposed children. An additional strength of this study
is the ability to compare the HIV infection-malaria associ-
ation across different malaria definitions with increasing speci-
ficity. We found the IMCI malaria definition that was based
on physician clinical diagnosis to be a useful index of malarial
morbidity. Despite its expected higher rate of misclassification,
the direction of associations with HIV infection and the ulti-
mate inference regarding the association between HIV infec-
tion and malaria remained unchanged, lending support to the
clinical usefulness of IMCI-based definitions for malaria in
resource-limited settings where confirmation by laboratory
tests may be difficult. However, to avoid potentially harmful
and unnecessary malaria treatment, getting definitive malaria
diagnosis via rapid diagnostic assays, which are increasingly
available at reasonable cost, should be done whenever possible,
even in the most resource-limited settings.

In conclusion, HIV-positive children have a higher risk of de-
veloping malaria as compared to HIV-negative children. For
those with malaria, HIV-coinfected children developed sub-
sequent episodes earlier than HIV-uninfected children, despite
prophylactic use of cotrimoxazole and widespread infant breast-
feeding in the study population. Hence, all children, particularly
those exposed to HIV in utero, will benefit from malaria preven-
tion efforts and proactive clinical management for malaria in
regions of substantial HIV infection and malaria overlap. In this
era of widening access to treatment for HIV-infected patients,
health practitioners, and policy makers in setting where malaria
and HIV infection are coendemic will benefit from definitive
evaluation of whether HIV-positive individuals receiving
malaria prophylaxis are further protected from malarial morbid-
ity, using a randomized placebo-controlled trial.
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