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Abstract
ELIZABETH MARIE WIDEN: Applying a mother-infant dyad perspectitceexamine
the nutritional interrelationships of HIV-infected Malawian women and tixelusively

breastfed infants
(Under the direction of Linda Adair)

We used data from a large clinical trial, the Breastfeeding, Antiretde\and

Nutrition (BAN) Study (vww.thebanstudy.ollgand a nutrition sub-study of BAN, the

Malawi Mothers and Infants (MaMi) Study. The BAN study was a largecelitiial that
aimed to promote maternal and infant health in HIV-infected Malawian wontethair
infants, and to prevent maternal to child transmission of HIV by providing a lipgtibas
nutrient supplement (LNS) to the mother and antiretroviral drugs to the motherndr infa
Mother-infant pairs (n=2,369) were randomized using a two-arm nutritional and three
arm drug to six study arms: maternal LNS/maternal ARV (mMLNS-mAR\Aternal
LNS/infant ARV (MLNS-IARV), maternal LNS (mLNS), maternal ARMARY), infant
ARV (IARV), or control (C). The data used in this analysis was derived froeesicry
visits and numerous visits from birth to 24 weeks postpartum. This study provided a
novel opportunity to understand how maternal nutritional status was related to infant
status, and how infant status related to maternal status. We chose to examine two
important aspects of maternal and infant nutritional status during this timenolon a
anthropometry. We observed that among mothers with low body mass index (BMI)
maternal weight loss was related to less infant weight and length gaibifitbrto six

months in girls. In longitudinal models, higher maternal Hb was associatedigiter



concurrently measured infant Hb, especially between 6 and 18 wk. In the MaMi
substudy, we observed that increases in maternal TfR and Hb were adswitlatan
increase in infant Hb and TfR from initial measurement to 24 weeks. These findings
suggest that maternal breastmilk quality may be compromised in thin women who lose
weight, adversely affecting infant growth in females. The observed rahieflnence in

iron models suggests optimizing maternal iron status during pregnancy andnastat
important for reducing risk of infant iron depletion. Together these resghsdtit that

promoting maternal nutritional status benefits not only the mother, but her infant.as we
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Chapter 1. Introduction
Overview

The mother is the sole source of nutrition for the infant during exclusive
breastfeeding, yet there is little known about how maternal and infant nutritianedes are
interrelated and interdependent throughout this time. Though maternal health anzhautriti
status are important determinants of breastmilk quality and quantity, matatn@abnal
status during lactation has primarily been examined as a predictor of chilcbnatrit
outcomes; rarely have the effects of infant nutritional status on materriibnat status
been explored. As we are interested in the health and nutritional status of theinfattier-
dyad, we framed our analyses to explore the interrelationships betwesnahand child
nutrition statuses, to understand the balance between infant nutrient demandesindl mat
nutritional supply during lactation, and to determine how this relates to infant aexhaia
anthropometry and iron status.

We developed novel methods to explore the intricate interplay and dynamics between
the mother and infant during this time period. In resource poor settings with high HIV
prevalence, these relationships may be especially important for longrttennal and child
survival, health, and nutritional status. There currently is a dearth of litecatuhe
nutritional statuses of HIV-infected mothers and their HIV-exposed infants during
breastfeeding. These mothers may be unable to simultaneously meet their olagirand t
infant’s nutritional needs which could adversely affect the long term heallle afidther-

infant dyad and may increase susceptibility to pathogens and mother to childssaosmf



HIV. Therefore our research provides urgently needed evidence regarding honairextd
infant nutritional statues are interrelated and interdependent between ldét#ethivomen
and their infants in resource poor settings.

Overall objectives and specific aims.

This study focused on the relationships between maternal and infant nutriins| s
in HIV-infected lactating women and their exclusively breastfed HIV-exposeafeated
(HIV-EU) infants. We used data from the Breastfeeding, Antiretrovirald\autrition Study
(BAN), a randomized controlled trial of 2,369 Malawian HIV infected women and their
infants to prevent HIV transmission during exclusive breastfeeding conductezehetw
March 2004 and January 2010 in Lilongwe, Malawi, as well as a sub-study of BAN, the
Malawi Mothers and Infants Study (MaMiBAN is unique as it has parallel longitudinal
maternal and infant measures of nutritional status, including anthropometry and
micronutrient status, during exclusive breastfeeding. We focused on the HIV exposed,
uninfected infants and their mothers in BAN, who were followed during pregnanéyabdat
1,2, 4, 6,8, 12, 18, 21 and 24 weeks postpattlire overall goal of this study was to
determine the interrelationships of maternal and infant nutrition status @xchgsive
breastfeeding. Specific aims for this study are as follows:

Aim 1: Determine the interrelationships between maternal ad infant anthropometry
during exclusive breastfeeding in HIV-infected mothers and theiinfants.

First, we developed models to determine how maternal weight loss between 2 arek24 we
postpartum influenced infant growth. We hypothesized that infants of mothers lasgig w
during lactation will have suboptimal growth.

Aim 2: Determine how maternal iron status during lactation influene@s infant iron



status during exclusive breastfeeding in HIV-infected mothers ahtheir infants.

First, we developed longitudinal models to determine how maternal hemoglobiwéisb)
associated with concurrently measured infant Hb from 2 to 24 weeks. Then we dévelope
models to determine the association between maternal and infant transtaptore (TfR),
Ferritin and Hb at 2 and 24 weeks postpartum in the MaMi subsample of mother-infant pairs
after accounting for inflammation and infection. We hypothesized that intaat birth and
maternal Hb during lactation will influence infant Hb longitudinally, arat g#ffects of

maternal Hb will be more marked approaching th& ®éek of exclusive breastfeeding when
infant iron stores are more likely to be depleted. We also hypothesized thatahite TfR

and Ferritin will predict infant values in the MaMi sub-sample of mothentrgairs.



Chapter 2. Literature Review

The mother infant dyad

The mother-infant dyad is a conceptual construct to define the connectionsnbetwee
the mother and her infant. Previous research examining the mother-infant dyadusas! f
particularly on mother-infant interactions and attachment during breasifiegatil infancy:

The dyad has also been studied with regard to evolutionary adaptations to the composition of
breast milk*> Numerous authors have indicated that breastmilk production is focused not
only on the survival of the infant, but also on the survival of the mother-infant'dyad;
suggesting that “maximum evolutionary gain is obtained when protein and enezlgyitev
breastmilk are just high enough to prevent prohibitive infant mortality rates, buhtavgle
to spare the mother.Although we did not test this hypothesis, it provided a framework for
our analyses, as we included the health and nutritional status of the mothatieal a cr
component of breastfeeding as well as infant health and survival.

Why anthropometry and iron?

These are two major markers of maternal and child health and nutritional status.
Maternal and infant anthropometry measures reflect short and long-terny bakngce and
overall body composition; providing a general understanding of overall nutritiohsd,sta
which can easily be translated to public health recommendations. As HI\eohf@otmen

have increased energy needs, determining if and when maternal anthropoeggsch



influence infant anthropometry and conversely if and when infant growth influeratesnad
anthropometry is even more important in the context of HIV.

As iron deficiency is a major public health problem affecting 42% of pregnant
women and almost half of preschool aged children gloBiilis vital to understand if and
when maternal and infant iron statuses are related during exclusive dedangif In the
context of HIV, iron deficiency is common among HIV-infected women; as such rifents
are at heightened risk of iron deficiency. Elucidating this relationshipesitaisas iron is
critical for growth, brain development and immune funcfi@uath iron status and
anthropometry are commonly measured in public health settings; thereforedmgdican
be translated into public health screening and interventions that can be broadiyemield.

Methods to evaluate the maternal supply and infant demand relationshipsave not
been developed

The relationship between maternal weight changes and infant growthpscaied
by the feedback loop between infant breastmilk demand and maternal breastmi)k suppl
(Figure 2.1). When infant demand increases, maternal breastmilk production reidisec
subsequently affecting maternal nutritional status. With insufficierargi@itake to meet the
energy costs of lactation and also due to hormonal influences, maternal fat stpfes m
mobilized, and weight changes may re&uitcreased infant milk intake will subsequently
influence infant growth and may lead to additional increases in infant demand and added
burden on maternal nutritional status, as a rapidly growing infant is likely tardemore
milk.2 Given adequate nutrient stores and dietary intake, most women may be able to meet
infant breastmilk demand; however, if the mother is undernourished, and has inadequate
dietary intake or energy reserves, breastmilk energy output may detasrsesely

affecting infant growth. Meeting infant demand may be particularly ehgithg for HIV



infected mothers, as energy needs are already elevated due to HIV inficttoexamining

how maternal supply relates to infant demand is even more imperative in the contbBxt of H

Maternal Maternal
dietary nutrient
intake stores
Infant growth
Nutrients available
for milk production
Infant
Maternal milk milk/nutrient
production intake

Figure 2.1 Maternal supply and infant demand

The dashed arrows indicate where infant demand may exert influence onahaitrtional
status.Image adapted from “Influence of maternal nutrition on lactation'abbyyK
Rasmusseh.

Previous analyses utilizing a supply-demand model have tested the feta origi
hypothesis by examining how nutrient restriction during pregnancy retatearkers of
cardiovascular disease rifk"* Because these prior analyses focused only on maternal
exposures during pregnancy, feedback loops did not complicate these analysesifgcoun
for maternal supply and infant demand when evaluating nutritional status duringiexcl

breastfeeding is complex, as feedback loops cannot be incorporated into linear fwdels

overcome the constraints of standard regression models, modeling approachksittat al



incorporation of feedback loops and for testing of complex causal relationshipserdyurg
needed; but difficult to implement.

Maternal anthropometry patterns are highly variable during lactation and are notwell
understood in the context of HIV

During the first six months postpartum, most lactating women experiettcamal
gradual weight los& Among well-nourished women, breastfeeding is usually associated
with earlier return to pre-pregnancy weidfit* Among undernourished women, though,
weight loss, weight maintenance and even moderate weight gain have beeml fépdrte
Anthropometry patterns during lactation have been less well described in ldteicf
women. Similar to HIV uninfected women, though, the findings are inconsistent wdile st
reporting both gains and losses during lactatfon.

Maternal nutritional status and lactation performance

Studies have shown that breastfeeding can deplete energy and nutrient tdserves
women with inadequate dietary intake and poor maternal nutrition can influencentilieas
quantity and nutrient quali/®*°Brown et al (1986) examined the lactational capacity of
marginally nourished mothers of Bangladeshi infants by examining relaifpsrisetween
maternal nutritional status and breastmilk quantity and qualitymothers (n=60) with
infants who were 90 days old, an association was found between the change in maternal
weight from baseline and the quantity of milk, as well as nitrogen and energgtoointe
milk.?® Furthermore, women who gained at least 200 grams from baseline produced more
breastmilk with higher amounts of nitrogen and energy regardless of initexinakt
weight?® On the contrary, increasing maternal arm circumference was negatsselgiated
with quantity of milk produced; yet this was speculated to result from muiltieatity

between maternal arm circumference and weight (R=6%#F)rthermore, poor maternal



nutritional status did not severely impair lactational capacity; thoughiietl breastmilk
quantity and energy concentration compared to more well nourished nfSthers.

How maternal HIV infection influences breastmilk supply and lactation peaforen
is not well documented. Prior studies regarding lactation of HIV infected women ha
focused on issues related to HIV transmission including breastmilk viral load and
micronutrient content after heat treatm&rft rather than the relation of maternal nutritional
status to the nutrient content and quantity of breastmilk.

Anthropometry patterns of infants during exclusive breastfeeding

After birth infants typically lose weight in the first few days of,ld@d then return to
birth weight by the seventh to tenth day of fif&Subsequent growth proceeds at a “rapid but
decelerating rate?® Birthweight is usually doubled by four to six months of age, and tripled
by one year of ageé. Among well-nourished infants, length is increased by 50% in the first
year, and is doubled by four years of age.

It is well established that anthropometry patterns of healthy breasihedsi are
different than artificially fed infants: Moreover, the growth patterns of breastfed HIV
exposed infants are similar to HIV unexposed infahts.less developed countries, most
studies have indicated a lack of association between HIV exposure and postwétal gr
parameters including length-for-age, weight-for-age, and weighefmgth compared to HIV
unexposed infants. Though there are some studies of the growth patterns of HIV-EU, most
of these studies had limited numbers of HIV exposed children and had few anthropometry
measurements from birth to 6 montAddore evidence is needed to understand infant growth

patterns and predictors in HIV exposed infants during this time period.



Few studies have examined how maternal weight changes translate intoant weight
and length gain with a longitudinal design

In the East Java Pregnancy Study, increasing maternal post-partum dssdyndex
(BMI) (kg/m?), measured between 4-6 months, was associated with higher infant weight and
length gains between birth and 6 morftheterestingly, infants with lower birthweight had
higher length and weight gains compared to infants with higher birthweightaiimgj¢hat
the breastmilk quality and quantity was sufficient to promote growth of eaniafants, but
the growth of infants with higher nutritional needs was compronifskist of the infants in
another study in this population were partially breastfed starting withiirshenonth of life;
thus partial breastfeeding (and subsequent exposure to pathogens and other foods) may have
biased the effect of post-partum BMI on weight and length gain in this an@lysiBolivian
mother-infant pairs, weight and height at 3 months postpartum were positivelataotre
with infant weight gain between 3 and 6 morfthShese findings suggest associations
between maternal and infant anthropometry; however, maternal body composition during
early lactation and potential confounding variables such as maternal educatiyranmri
morbidity were not accounted for in the models. Moreover, as exclusive brdagifeey
not have continued through the duration of these prior studies, the mother may no longer be
the sole source of nutrition for her infant; thus effect estimates may be biased.

The effects of maternal supplementation on infant growth

Several studies have examined the effects of maternal supplementation during
pregnancy and lactation on infant growth including Institute of Nutrition of Centraki&en
and Panama Oriente longitudinal study in Guatemala and The Bacon Chow Studyan. Tai
In the Oriente longitudinal study conducted between 1969 and 1977, the effects ofImaterna

supplementation during pregnancy and lactation on infant growth were exafhiethers



were supplemented with a protein-calorie supplement (‘atole’, gruel tiypmatie with

corn) or caloric supplement (‘fresco’, cool drirfR)Though not significant, maternal
supplementation had a positive effect (0.05 < p < 0.10) on infant weight gain from birth to 6
months? Moreover, infants were also supplemented with atole or fresco, thus the effect of
maternal supplementation on infant growth cannot be isolated from the effect of infant
supplementatiof® Infant supplementation before 3 months had negative effects on infant
weight gain (p<0.001), whereas infant supplementation between 3 and 6 months of age was
found to positively influence infant growth (p<0.3%)n the Bacon Chow Study conducted

in rural Taiwan starting in 1967 for 6.5 years, the effect of maternal suppleimeat

infant growth was examined in mothers who gave birth to two infants during course of the
study?® Mothers were randomized to supplementation with a milk-based formula, providing
800 calories and 40 grams of protein per day, or a placebo, providing 40 calories per day,
starting at 15 days after the birth of the first infant and continuing throughveeaf the

second infant? There were no significant differences between maternal supplementation
versus placebo; whereas the timing of maternal supplementation was impatant
inconsistent® Boys were heavier in the second infant cohort (p=0.02) compared to the first
cohort® Conversely, girls were heavier in the first infant cohort (p=0.05) compared to the
second?’

In the context of HIV, few maternal supplementation studies have been conducted
that examine its effect on infant growth. One study in Tanzania found that mieeahut
supplementation during and after pregnancy improved child grwithother study in
Tanzania focused on micronutrient supplementation during pregnancy, finding a eli@creas

risk of intrauterine growth restriction with supplementaftbRreviously we observed that

10



maternal supplementation with lipid base nutrient supplement (LNS) in BANipartis
had no sustained or consistent effects on infant growth from birth to 24 ¥eeks.

By extending our analyses from anthropometry to iron status, we will explorehe
mother-infant nutritional dyad in two domains

Maternal iron status may influence infant iron status during exclusive fieeing;
however, many additional factors influence infant iron needs and status. iofastdres at
birth reflect maternal pregravid and pregnancy iron status, gestational agetlandight of
the infant, and timing of cord clampiffgMany factors influence post-natal infant iron status
including redistribution of body iron, growth rate, infections and inflammation, and possibl
breastmilk iron statu¥ Postnatally, infant Hb exhibits dynamic changes with a peak at birth
of approximately 17 g/dL and a nadir of 11.2 g/dL at 2 months of*dgew studies have
characterized the iron status of exclusively breastfed HIV-exposed ifffants

Most literature suggests maternal iron status strongly affects irdargtatus only
during pregnancy and has little effect during lactaffofihowever, we theorize that in our
population of HIV-infected Malawian women, whose iron stores are likely deplete
postpartum, maternal iron status may be an important determinant of infant iusndstang
exclusive breastfeeding. Further investigation of this association i#iesgearticularly in
women who are already at risk of anemia, such as our population of HIV infected wemen, a
their infants may be at heightened risk of iron deficieficy.

Why Malawi?

Malawi provides a unique opportunity to study the interrelations of maternal and
infant nutritional status in a resource poor setting in the context of HIV. When tRe BA
study began in 2004, almost all Malawian infants were breastfed for some ttime, wi

median duration of breastfeeding of 23.2 morithEhe median duration of exclusive

11



breastfeeding was 2.5 months, while the median duration of predominant breastiesesling
4.8 months® Though the WHO recommends six months of exclusive breastfeeding, 37% of
infants ages 4-5 months were given complementary f§ods.

Based on the most recent Demographic and Health Survey Data, HIV prevalence i
Malawi among women of child bearing age is 12% with about a quarter of newangect
due to mother to child transmissiShSimilar to other resource poor settings, food security in
Malawi exhibits seasonal variation, with lowest food supplies in rainy seasongiesthi
supplies during harvest seasdiGiven the poor food environment and staple foods of low
nutritional value, maternal and child nutritional status in Malawi is poor. Among ehildr
under 5 years of age, stunting prevalence is very high (48%), while about a quarter of
children are underweigf#:*° As almost half of women of childbearing age have iron
deficiency anemia, it is not surprising that almost 80% of preschool aged chikire iron
deficiency anemid® As maternal and child nutrition in Malawi is suboptimal, our findings
provide direly needed evidence for interventions and policies targeting the nmbémer
dyad and, furthermore, bring the health and nutritional status of mothers into focus.

Several formative studies for BAN were conducted regarding infant feeating a
maternal nutrition, providing contextual background for our research. Attitudes rof ehef
maternal nutrition in breastfeeding among HIV positive women was examired)thin-
depth interviews with twenty-two HIV positive women living in semirural surezar
Lilongwe ** Most of the women perceived that larger body shapes were healthier and were
aware of the need to maintain a high-quality diet for their own health and to meet the
nutritional demands of lactatidh Additional formative research for BAN investigated

attitudes regarding infant feeding practiéeSemi-structured interviews were conducted

12



with 40 HIV positive mothers. 85% of HIV positive mothers reported giving water or
porridge to their infant before 4 months of &g®&oreover, 60% of the 17 mothers with
undisclosed HIV status had introduced complementary foods before 6 monthsobage.
mother reported: “Traditionally, we are told that if a child cries it is a sfdhunger.

Because my baby was crying, | thought my breast milk was not adequatérsed giving

him water at 3 months’? These formative studies guided the development of the infant-
feeding counseling protocol for BAN.The implementation of the BAN infant-feeding
counseling protocol was evaluated with observations of counseling sessions anewstervi
with the study nurses in a convenience sample of 123 HIV positive mothers who visited the
study clinic between November and December 280Bhrough process evaluation of the

nurses’ adherence to the protocol indicate an average adherence to the prot@@es G
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Chapter 3. Maternal weight loss during exclusive breastfeeding is asso@&@dtwith
reduced weight and length gain in daughters of HIV-infected Malawian wmen
Overview
Maternal weight loss during exclusive breastfeeding may influence growth of
exclusively breastfed infants through impaired quality or quantity of brdksirhis study
evaluated how maternal weight loss from 2-24 wk was related to infant weighthgitid le
gain in 1,390 lactating HIV-infected mothers and their exclusively breasftads.
Malawian mother-infant pairs in the Breastfeeding, Antiretrovirald,Mutrition (BAN)
study were randomized to receive a lipid-based nutrient supplement (LN&jgnee
nutritional needs of lactation, or no LNS and a maternal, infant or no antiretrd\R¥) (
regimen. Linear regression models were used to relate maternal wesgfwéoght loss vs.
no weight loss) to infant weight and length gain from birth to 24 wk, stratifyrgebder,
and controlling for infant birthweight/length and maternal BMI at 2 wk (mean: 2@tk
and interacting maternal BMI with weight loss. Lendith-8.24 cm, p=0.01) and weight gain
(B: -1.21 kg, p=0.008) were lower in girls whose mothers had lower BMI at 2 wk postpartum
coupled with the weight loss, compared to girls of women who did not lose weight. Though
associations were only observed in girls, suggesting possible gendesrdiffe in suckling
and feeding behavior, these findings indicate that maternal weight loss wiémérgy

reserves represents a risk factor for poor infant growth outcomes.



Introduction

During exclusive breastfeeding, the mother is the sole source of nutritionr for he
infant. Breastfeeding can deplete energy and nutrient reserves of wornemadequate
dietary intake and very poor maternal nutrition can impair breastmilk guanttnutrient
quality®'¥®Increases in maternal weight during lactation have previously been linked to
improved quantity and nutrient quantity of breastmilk in marginally nourished Rieslia
women?® yet, it is not well understood how these weight changes translate intoitieas
output and infant growth due to the complex nature of this relatiofiship.

Maternal breastmilk supply is regulated to match infant demand through frequency
and intensity of infant suckling** With increased infant demand, maternal breastmilk
production will increase. In the absence of adequate dietary intake to meeéthg costs of
lactation and due to hormonal influences of lactation, maternal fat stores may heaudbi
meet the demand—with implications for maternal weight chahgeseased milk intake
will subsequently influence infant growth and may lead to further rises mtidésamand and
additional burden on maternal nutritional status, as a rapidly growing infarikeiyl
demand more milk.Given adequate maternal nutrient stores and dietary intake, most women
may be able to meet infant breastmilk demand; however, in cases where meathers ar
undernourished and are losing weight, breastmilk energy output may decrease ihitre mot
exceeds her lactational capacity (the ability to produce milk on derarigh could
adversely affect infant growth.

In resource-poor settings with high HIV prevalence, six months of exclusive
breastfeeding by HIV infected women is recommended to promote child survival if

replacement feedings are not acceptable, feasible, affordable, sustaindisafé” Since
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HIV infection and lactation increase metabolic demdfidstating HIV infected women
may be unable to simultaneously meet their own and their infant’s nutritional naesls; t
understanding how maternal weight changes during lactation influence infant gnawtoe
especially important for promoting health and survival of the mother-infant dytaeé i
context of HIV.

During the first six months postpartum, most lactating women experietccamal
gradual weight los&¥ Even among well-nourished women, breastfeeding is usually
associated with earlier return to pre-pregnancy weight, but has also beeatadssith
weight gain and weight maintenariéé? Among undernourished women, weight loss,
weight maintenance and even moderate weight gain have been rép&tthropometry
patterns during lactation have been less well described in HIV infected wormgar &
HIV uninfected women, though, the findings are inconsistent with studies reporting both
weight gains and losses during lactation.

Although few studies have reported how the overall pattern of maternal weight
changes during breastfeeding influence infant growth, there is evideassaafiations
between maternal and infant anthropometry in HIV-uninfected and HIV-infected
populations. In Indonesian mother-infant pairs, increasing maternal pastidastly mass
index (BMI) (kg/nf), measured between 4-6 months, was associated with higher infant
weight and length gains between birth and 6 moffthsBolivian mother-infant pairs,
maternal weight and height at 3 months postpartum were positively correlatedfaith i
weight gain between 3 and 6 month#n thirty-five low income Indian women, a 1 kg loss
in maternal fat mass from baseline (measured within 1 month of birth) to 6 months

postpartum was associated with 107 gram higher infant weight gain (p=0.04) at 6,months
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after controlling for baseline maternal weight, infant birthweight andggsaim maternal
appendicular skeletal ma¥s.In HIV-infected and uninfected mothers and infants in Kenya
ages 4 to 24 mo, higher maternal weight was associated with higher concureadlyea
length-for-age (LAZ), weight-for-age (WAZ) and weight-for-lem@¥WLZ) z-score, while
higher maternal height was associated with higher LAZ and \WA#gher maternal BMI
and mid-upper-arm circumference was associated with higher WAZ and*{¥Wllazbetter
understand the relationship between maternal weight changes and infant grovaghbe
important to evaluate how the overall pattern of maternal weight changencdtuafant
growth.

Our objective was to examine the how maternal weight loss from 2 to 24 wk relates t
infant growth from 0O to 24 wk, corresponding with exclusive breastfeeding in a &angges
of mother-infant pairs participating in the Breastfeeding, Antiretrayjigdd Nutrition
(BAN) study. The Malawi Mothers and Infants (MaMi) study is an anslgfi
anthropometric and nutrition data from the BAN study. Mothers in the BAN study who
received lipid based nutrient supplement (LNS) had less weight loss duringlingax
breastfeeding (0-24 wk), than mothers who did not receive LNS regardlessetravitial
drug assignmerit In this paper, we examine how infant weight and length gain are
influenced by the net change in maternal weight during lactation. We assuntegiafath is
a proxy indicator of lactation adequatyTo provide contextual background for our findings,
we also examined how the maternal weight loss was influenced by BAN treame
parity, and seasonality. We hypothesized that the effects of mateziggitwoss on infant

weight and length gain will depend on initial energy stores, with more detairedfects if
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the mother has limited stores to mobilize. We expected to observe sirfelds @ infant
weight gain and linear growth.
Methods

The BAN study design has been described in detailed elsewigziefly, BAN was
a randomized controlled trial of 2,369 mother-infant pairs that was conducted from April
2004 to February 2010 in Lilongwe, Malawi. HIV 1-positive pregnant women (n=3572) were
recruited from four antenatal clinics. Initial screening criter@duded: age> 18 years (or
>14 years of age if married), CD4 coen250 cells/pl(prior to 11/13/2006 CD4 cut off was
>200 cells/uL), hemoglobin (HB) 7 g/dL, no prior antiretroviral medication use, and no
major pregnancy complication€ligible women (n=2791) who delivered at the study site
were provided with maternal and infant single dose nevirapine peripartum asweite-
daily zidovudine and lamivudine for 7 days postpartum. Within 36 hours after delivery
mother-infant pairs had to present at the study site and meet secondaritglogiteria for
randomization: infant birthweight 2 kg, no severe congenital malformations, no other
conditions incompatible with survival or that would preclude the use of the study drugs. 2382
mother-infant pairs met these criteria and thirteen women declined fpahmipation. 2369
women completed informed consent and were randomized using a permuted-block method to
one of six treatment arms according to a two-arm nutritional and threenéiretraviral
factorial design. Half of the mothers received daily maternal LNS girayiestimated added
energy and protein requirements of lactation as well as the recommendedadadyee of
micronutrients, excluding vitamin A. Mother-infant pairs were further rangdednio
maternal or infant antiretroviral drug, or no post-natal antiretrovirahegi Details

regarding the LNS and drug regimens are described elsefitiRaadomized infants
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diagnosed with HIV-1 within two wk of delivery (n=119) with polymerase chain @acti
(PCR) were withdrawn from the study, and mother-infant pairs were referedre® In
June 2006, the BAN study initiated cotrimoxazole preventive therapy for infants 6-36 wk of
age, based on WHO recommendatiths.

To buffer the effects of seasonal food shortages and to prevent sharing of Imaterna
LNS, all participants were given 2 kg of maize per week for family consumptiomda
drought from February to August 2005, the World Food Program (WFP) provided food aid to
all HIV-infected women in Lilongwe, consisting of a monthly ration of corn/smyr+—
similar to the quantity in the BAN maize supplement—and 1 liter of vitamin-#fémt corn
oil. This was provided in lieu of the BAN maize package to an estimated 260 BAN mothers
and was evenly distributed across study atfms.

In accordance with the World Health Organization prevention of maternaldo chi
transmission of HIV (PMTCT) guidelines when the study was designet,BAN mothers
were provided intensive counseling to exclusively breastfeed their infants fd« @ddno
rapidly wean by 28 wk> Only data up to 24 wk are included in this analysis, corresponding
with the period of exclusive breastfeeding.

The Malawi National Health Science Research Committee and the insigtuti
review boards at University of North Carolina at Chapel Hill and the U.S. Ceoters f

Disease Control and Prevention approved the BAN protocol.

Anthropometrics and study procedures

Study visits and data collection were conducted at the BAN study clinicataBw
Hospital in Lilongwe. Mother-infant pairs were followed at birth and 2, 4, 6, 8, 12, 18, 21,

and 24 wk postpartum. At all visits, maternal and infant weight was measured to tis¢ neare
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0.1 kg unit using Tanita digital electronic scales, which were calibratethrBg Maternal
height was measured with a wall-mounted stadiometer. Infant recumbent lesgth w
measured using a wooden length board made to UNICEF specificitasses and
nutrition assistants were trained in anthropometrics and their measurementbtaned
using standard methods.

Infant HIV status was tested with Amplicor 1.5 DNA PCR at 0, 2, 12 and 28 wk.
Postnatal HIV tests were confirmed with a specimen obtained at the followihdried
blood spots, collected at all study visits excluding the visit at 21 wk, were tegtgdlen-
Probe Aptima HIV-1 Qualitative assay to further refine the timing ottrda in infants with
positive PCR results.

Maternal report of parity, marital status, and years of maternal extueas
obtained at the screening visit. Maternal report of infant’s exclusive f@edsty status was
obtained at 4, 8, 12, 18, 21 and 24 wk postpartum. Maternal report of maternal and infant
morbidity occurring prior to the visit was obtained at each visit. Physicpaortref maternal
or infant illness was obtained if the mother reported illnesses.

Malawi has a subtropical climate with four seasons: cool (May to mid-Audpast)
(mid-August to November), rainy (November to April) and post-rainy (Apriay).
Availability of food, malnutrition and morbidity due to infectious disease vary asosedue
to rainfall and agricultural production Season of poor food security is generally from
November/December to March/April. This period is characterized byelihicod

availability, as crop stores are depleted.
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Statistical Analyses

Due to normal physiologic changes in the immediate post-partum period and the
various factors that could potentially influence the maternal weight nesasnt at delivery
(edema, timing of measurement relative to delivery), we analyze tieerpaf maternal
weight change from 2 to 24 wk. For simplicity of interpretation and to teshéoeyt
proposed by Brown and Dewéyhere women with insufficient energy reserves will have
suboptimal milk energy output if they are losing weiyte utilized a dichotomous maternal
weight change pattern (weight loss vs. no weight loss) in this analysignislateight at 2
weeks was subtracted from maternal weight at 24 weeks to determine whethmther
was losing weight (weight change <0) or not losing weight (weight cha®)gguring
exclusive breastfeeding. Alternate specifications of maternal weligimnige, as a continuous
and categorical variable (tertiles and quartiles of maternal weighgehavere examined as
potential primary exposure variables. Compared to the categorical weighwéiglst(loss
vS. no weight loss), continuous maternal weight change and quantile categories @éedil
guartiles) were observed to have similar model fit and effects.

Infant growth models evaluated the influence of maternal weight lossoltiowgtifor
infant initial anthropometric measurement, and maternal body mass indexdBRMNYk
postpartum. The interaction term between maternal BMI and maternal weigtadtess
whether the effects of maternal weight loss varied by initial matermeay reserves.
Adjusted models also included seasonality, parity, BAN treatment arm, ieduaatl
maternal CD4 count. Adjusted models also included infant morbidity from birth to 24 weeks
including fever, vomiting and diarrhea. llinesses were modeled as the nunitantes of

illness over number of visits from 0 to 24 weeks. Infant growth models were genddedtratif
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given the significant gender differences observed in infant weight agthlgain, and a
significant three-way interaction between maternal weight loss, nah&ki and gender in
the adjusted infant growth models (Length gain interaction p=0.04; Weight gairciictiera
p=0.08).

Logistic regression was used to evaluate predictors of maternal wesghiniduding
seasonality, parity, BAN treatment arm, education and maternal CD4 ceartrfality was
measured as month of birth in order to allow us to estimate the pattern of seasctsmbeff
maternal and infant anthropometry. Birth month allows us to understand the timing of
maternal exposure to food insecurity during pregnancy, as well as food dipitatihe
mother following delivery. October was selected as the referent birth paanthothers were
not exposed to periods of food insecurity during the latter part of pregnancy, but were
exposed during breastfeeding. Given no observed differences in the likelihood of materna
weight loss between the months of Sept-Nov (p>0.1), these months were combined together
as the reference month for seasonality.

Mother-infant pairs were included in the analysis sample if they had datadd a
wk for the infant, and 2 and 24 wk for the mother. Multiple births (n=49) were excluded from
this analysis, as multiples exhibit different growth patterns than singlatwhsiothers of
multiples have different gestational weight gain and postpartum weight chateyagiat
Infants who were mixed fed or weaned prior to 24 wk (n=248) were also excluded, as the
mother was no longer the sole source of nutrition for her infant. Owing to difésrénc
growth and nutrient dynamics of HIV infected infants, HIV infected infants (n=58)

diagnosed after 2 wk postpartum were excludadsmall number (n=6) of implausible infant
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weights and lengths at 24 wk were replaced by values interpolated from prior aegusuibs
measurements. Statistical analyses were conducted with STATA 12.1geC8tition, TX).
Results

Mean weight loss of mothers from 2 to 24 wk was 0.93 kg (SD: 3.4 kg) (Table 3.1).
63.3% of mothers lost weight from 2 to 24 weeks, while 36.7% gained weight or had no
weight changes during this period. The proportion of mothers receiving the dN®tdi
differ between the weight loss and no weight change groups (p=0.85). Of the viatlestt
weight (n=829), mean weight loss was 2.5 kg. Of the mothers that gained weight (n=469)
mean weight gain was 2 kg from 2 to 24 wk.

Maternal weight loss was associated with less length and weight gairsjn girl
particularly among mothers with lower BMI values at 2 wk (Table 3.2; Figurne Effects of
maternal weight loss were strengthened after adjusting for confoundeesnMaveight loss
from 2 to 24 wk had no effects on weight or length gain in boys (p>0.05), even at varying
BMI levels in adjusted and unadjusted models (Figure 3.1). In adjusted models,tfaw fac
significantly influenced infant weight and length gain from birth to 24 wk (TaRlg 3.
consistent with previous findings in BAN infarifsHigher birth length was associated with
decreased length gain in boys and girls. Maternal ARV treatment s@sated with lower
length gain in boys and girls, while infant ARV treatment was associatiedower length
gain only in girls. Maternal LNS was not associated with infant weiglgngth gain. July
birth was associated with greater weight gain in boys and girls. @idaeduly, only
February was associated with increased weight gain, but only in gil<0@). For boys,
January births were associated with decreased length gain (p=0.03). Autpssivbre

associated with increased length gain in girls (p=0.003).
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Taller maternal height (p=0.04) and the maternal ARV arm (p<0.001) wereadsdoc
with increased odds of maternal weight loss, while the LNS intervention, prityjpaw
CD4 count, and maternal BMI at 2 wk were not associated with the likelihood of maternal
weight loss (Table 3.3). Birth month was significantly associated witarmeadtweight loss
[%? (9) =81.33, p<0.001]. Compared to Sept-Nov, births from January to June were
associated with reduced odds of weight loss (all p-values <0.001).

Sensitivity analyses showed that including HIV infected infants who haetmat
and infant weight data at birth, 2 wk and 24 wk and were still exclusively biast?d wk
(n=28) did not influence the interpretation of results.

Discussion

In our population, we expected to observe adverse effects of low maternal BMI in
both boys and girls; however, lower maternal BMI only adversely affelaegrowth of
girls. Initial maternal BMI was not different by infant gender; but motbéfsys lost
marginally more weight than mothers of girls (p=0.07). Given our differemidihigs by
gender, it appears that the milk production of undernourished mothers of girls could have
been limited by substrates available for milk biosynthesis or their lactatiapacity?

Perhaps mothers of boys with lower BMIs were better able to mobilizéengxmitrient
stores or dietary intake into breastmilk production than mothers of girlsjeyatenunable to
test this as we do not have macronutrient content of breastmilk. Gender preferences
feeding practices are unlikely to explain our findings, as there is litdegridence of
gender preferences in Malawi.

The observed gender differences in maternal weight loss effects are istdontra

what was expected, as boys gain weight and length more rapidly thati ginish may
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enhance their susceptibility to environmental insults, such as suboptimal briegstatily

and quantity. Boys are more vulnerable to undernutrition in utero, as they haveriastéar

rates and their placentas are believed to have less reserve capapiyazbto girls® As a

result of this fetal environment, boys may be programmed to be more adaptivetionaltri
insults postpartum, and may have an enhanced ability to demand more milk through suckling
and feeding behavior despite suboptimal maternal milk output.

Though previous studies have reported associations between maternal weight change
and quantity and energy content of nfiflsex differences in milk energy output have not
been reported in humans. In rhesus macaques, mothers of males, espgcialipairous
produced more energy dense, high fat milk, but produced less milk overall, compared to
mothers of female¥. Though mothers produced similar milk energy amounts between males
and females, it is unclear whether reduced quantity but higher energy conteasélydve
affects growttf’ As higher breastmilk energy and protein consumption has been observed to
positively influence infant growtf’. our observed sex differences could possibly be
attributable to sex differences in human milk energy output.

Notably few factors influenced infant weight and length gain in the adjusted models
consistent with previous findings in BAN infaritsSince BAN infants were exclusively
breastfed, a requirement for inclusion in this analysis, this suggests ¥atphgobserved
predictors of infant growth such as seasonality and parity are not as influéregiakhe
infant is exclusively breastfeeding. Exclusive breastfeeding appebusfer the adverse
effects of seasonality on infant weight and length gain. Infant breastitalkei was observed
to decline during the rainy season in The Gambia, which is when mothers usually lose

weight®* and was initially attributed to maternal energy restrictiddowever, dietary
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supplementation of lactating women in a subsequent study had no effects on maternal milk
volume in The Gambi& Given these findings and additional studies reporting seasonal
variations breastmilk intake in Kenya and Zaire, the authors concluded tlodisgreed
seasonal variations in breastmilk output were attributed to increased infdodlityaand
altered breastfeeding patterns due to strenuous maternal farfi\v@mke BAN infants
were closely followed and treated for illnesses throughout the study, Seaschiity
effects on breastmilk intake could have been limited. Moreover, mothers werevietensi
counseled to exclusively breastfeed. As such, their infants were protedtesl by
immunological components of milk and were not exposed to pathogens through
contaminated foods and fluids. In adjusted models, most morbidities were not predictors of
infant weight or length gain. In the length gain adjusted models, vomiting s@sated
with diminished length gain only in the boys.

Similar to other studies in HIV infected and non HIV-infected populations, mhterna
weight change patterns were heterogeneous during exclusive breastfegdisome
mothers losing and others gaining weitf® While taller stature was associated with the
maternal weight loss, the likelihood of weight loss was not related to initial BMI
Primiparity, low CD4 count, marital status and education beyond primary schoah@tere
associated with maternal weight loss. Though maternal CD4 count has prebeers|
associated with weight loss in a population of breastfeeding HIV-infecratiZza womert?
inclusion requirements for BAN (CD4>250 cells/uL) may have reduced our dbility
observe negative effects of low maternal CD4. The maternal ARV interventson wa
associated with weight loss from 2 to 24 wk. One of the drugs in the BAN regimen was

lopinavir/ritonavir (Kaletra), which is frequently associated with diaries such, diarrhea
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may have contributed to the weight loss in this gf§ffpMaternal LNS had no association
with maternal weight loss from 2 to 24 wk postpartum. Though LNS was found to have a
small protective effect on maternal weight loss from 0O to 28 wk in an interggbanalysis

of BAN mothers (n=2369) the difference between treatment arms was repobedftlittle
clinical importancé” our lack of LNS findings is not surprising given our much smaller
analytic sample (n=1309) and our focus on only the period of exclusive breastfeedir?) fr

to 24 wk. Mothers who gave birth from January through June were protected from being in
the maternal weight loss group. These women were exposed to food insecurity during
pregnancy and in the postpartum period, but were not as exposed to food insecurity for the
duration of their postpartum weight changes, compared to mothers of infants bormbetwee
Sept and November. Though many factors influenced the odds of maternal weidietloss

of these factors affected infant weight and length gain; which indicatemn#batnal

breastmilk output was sufficient to mitigate the effects of these faetoes though the

mother was losing weight.

This research has some limitations. First, we only had available data onahateft
infant weight and length, and did not have detailed information on body composition, which
would have allowed us to understand how changes in maternal body composition related to
infant growth and body composition. Effects of maternal weight change on infant grewth a
likely mediated through breastmilk quantity and quality, which was not measutes in t
study. Second, we excluded about 45% of randomized mother-infant pairs from our analysis
who were lost to follow-up (n=620), multiple births (n=49), weaned early (n=248) or HIV
infected infant in first 2 wk (n=199) or HIV-infected infant from 2 to 24 wk (n=58).

Compared to randomized infants who were not included in the analysis sample (n=1060),
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infants included in our analysis (n=1309) had higher birthweight (p=0.005), lowelgmeg

of low birth weight (p=0.009), higher birth length (p=0.002) and were more likely tiveece
the ARV intervention (p=0.006); however, there were no differences between inchdled a
excluded infants in infant gender (p=0.14) or Hb at birth (p=0.96). As worse off infargs we
lost-to-follow up or excluded, we may have underestimated the effects ahalateight
changes on infant growth.

This study also has many strengths. Applying a dyadic modeling framewark is a
innovative approach to examine these mother-infant anthropometry relationships. 8gpporti
this analysis approach are the detailed exclusive breastfeeding dataaiidived us to
exclude weaned and mixed fed infants from our analyses, as the mother was no longer the
sole source of nutrition for her growing infant. Moreover, our analysis focused orrithek pe
of the most rapid infant weight and length gain and highest maternal energgaiem
enhancing our ability to observe effects of maternal weight loss. Finalfierstanding these
relationships is especially important in the context of HIV in order to guidesfutur
interventions and programs to promote maternal and infant health.

In conclusion, our findings suggest that maternal weight loss coupled with logyene
reserves may adversely affect infant growth. Further research to unddtstarelationship

is indicated, especially to determine why effects were only seen in girls
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Table 3.1 Characteristics of 1,309 BAN mother-infant pairs in the primary anajsis of

the effects of maternal weight loss on infant growth

MOTHERS

Age (y)'

Height (cm}

Weight (kg

Maternal body mass index (kgfyh
Primiparous (%)

Married (%)

Education beyond primary school (%)
Hemoglobin (g/dL}*

CD4 count (cells/p L

CD4 <350 cells/uL (%)

Received ARV (%)

Received LNS supplement (%)
Maternal weight change from 2 to 24 wk(kg)

INFANTS

Male gender (%)

Birth weight (kg

Low birth weight (%}

Birth length (cm)

Hemoglobin at birth (g/dL)

Received ARV (%)

Weight gain from birth to 24 wk (kg)
Length gain from birth to 24 wk (crh)

26.7+5.1
156.9 +5.5
56.2+8.8
22.8+3.2
9.6
92.3
36.1
109+1.2
475.4 +£195.7
29.9
35.8
51.8
-0.93+34

51.5
3.04 £ 0.40
6.0
483 +1.9
174+201
38.4
4.13+0.82
15.7+£2.2

"Mean +/- SD (all such values)
2Measured during pregnancy

3Low birth weight 2-2.5 kg as infants had to weighO kg to be eligible for BAN
BAN, Breastfeeding Antiretoviral and Nutrition; LN#pid-based nutrient supplement;

intervention.
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Table 3.2 Gender stratified linear regression models showing the efits of maternal weight loss on infant weight and length
gain from 0 to 24 wk

Weight gain (kg)

Length gain (cm)

Crude Adjusted Crude Adjusted
Coef 95% ClI p-value Coef 95% CI p-value Coef 95% ClI p-value Coef 95% ClI p-value

BOYS n=673 n=653 n=667 n=647
Birth measurement -0.20 [-0.35,-0.04] 0.01 -0.15 0.31,0.01] 0.06 -0.42 [[0.51,-0.34] <0.001 -0.43 [-0.51,-0.35] <@10
Mom lost weight -0.10 [-1.12,0.92] 0.84 -0.09 [4,0.97] 0.87 1.30 [-1.30,3.90] 0.33 1.50 [-1.15,4.14] 0.27
Maternal BMI at 2 wk 0.03 [-0.003,0.07] 0.08 0.02 -0.p2,0.06] 0.27 0.07 [-0.02,0.16] 0.13 0.06 [-0.03,0.15] 0.20
Mom lost *Mom BMI 0.01  [-0.04,0.05] 0.79 0.01 [-@.0.05] 0.82 -0.06 [-0.17,0.05] 0.30 -0.07 [-0.18,0.05] 0.26
CD4 <350 0.06 [-0.08,0.20] 0.39 0.12 [-0.24,0.47] 0.52
Fever -0.03 [-0.10,0.04] 0.37 0.16 [-0.004,0.33] 0.06
Vomiting -0.01 [-0.15,0.12] 0.83 -0.38 [-0.72,-0.05] 0.03
Diarrhea -0.05 [-0.17,0.06] 0.38 0.15 [-0.14,0.45] 0.31
Primiparous 0.01 [-0.22,0.24] 0.91 -0.25 [-0.82,0.32] 0.39
Birthmonth (ref: Sept-Nov)

January -0.12 [-0.38,0.14] 0.36 -0.76 [-1.40,-0.11] 0.02

February 0.05 [-0.20,0.30] 0.71 -0.22 [-0.85,0.41] 0.49

March 0.22 [-0.04,0.48] 0.10 0.17 [-0.49,0.82] 0.61

April -0.03 [-0.29,0.23] 0.80 -0.21 [-0.87,0.45] 0.54

May 0.01 [-0.22,0.25] 0.92 0.17 [-0.42,0.77] 0.57

June -0.11 [-0.36,0.14] 0.40 -0.26 [-0.89,0.37] 0.42

July 0.30 [0.06,0.55] 0.02 0.30 [-0.33,0.92] 0.35

August 0.17 [-0.09,0.42] 0.20 0.50 [-0.15,1.15] 0.13

Dec 0.03 [-0.22,0.28] 0.80 -0.20 [-0.82,0.43] 0.54
Married 0.17 [-0.06,0.39] 0.15 0.12 [-0.46,0.69] 0.69
Education 0.0005  [-0.13,0.13] 0.99 0.31 [-0.02,0.64] 0.07
Mom ARV -0.13 [-0.29,0.04] 0.12 -0.59 [-1.00,-0.18] 0.01
Mom LNS 0.07 [-0.06,0.19] 0.29 -0.03 [-0.35,0.29] 0.88
Kid ARV -0.07 [-0.23,0.09] 0.42 -0.25 [-0.65,0.15] 0.22
Intercept 4.16 [3.29,5.02] <0.001 4.16 [3.23,5.09]<0.001 35.04 [30.75,39.34] <0.001 3548 [31.04,39.91] Q.0
GIRLS n=633 n=609 n=632 n=608
Birth measurement -0.26  [-0.43,-0.10] 0.002 -0.30 -0.47,-0.13] 0.001 -0.46 [[0.55,-0.37] <0.001 -0.46 [-0.56,-0.36]  <@10
Mom lost weight -0.97 [-1.86,-0.08] 0.03 -1.29 pQ,-0.38] 0.01 -2.38 [-4.83,0.08] 0.06 -3.36 [-5.88,-0.85] 0.01
Maternal BMI at 2 wk 0.03 [-0.001,0.06] 0.06 0.02 -0.p1,0.05] 0.12 -0.005 [-0.08,0.07] 0.90 -0.03 [-0.11,0.05] 0.49
Mom lost *Mom BMI 0.04  [0.004,0.08] 0.03 0.06 [0,0209] 0.01 0.1 [-0.01,0.20] 0.07 0.14 [0.03,0.25] 0.01
CD4 <350 0.03 [-0.10,0.16] 0.70 -0.19 [-0.55,0.17] 0.31
Fever 0.01 [-0.06,0.07] 0.84 0.11 [-0.07,0.28] 0.23
Vomiting -0.0005 [-0.13,0.13] 1.00 -0.01 [-0.38,0.37] 0.98
Diarrhea -0.03 [-0.16,0.10] 0.63 -0.003  [-0.36,0.35] 0.99
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Primiparous -0.13 [-0.34,0.07] 0.20 0.21 [-0.35,0.76] 0.46
Birthmonth (ref: Sept-Nov)
January 0.04 [-0.21,0.28] 0.78 0.04 [-0.66,0.73] 0.92
February 0.32 [0.05,0.59] 0.66 [-0.09,1.41] 0.08
March -0.02 [-0.28,0.24] -0.32 [-1.05,0.41] 0.39
April 0.14 [-0.11,0.39] — -0.08 [-0.78,0.61] 0.82
May 0.09 [-0.14,0.32] 0.43 0.35 [-0.28,0.98] 0.27
June 0.17 [-0.06,0.39] 0.14 0.64 [0.02,1.26] 0.04
July 0.42 [0.17,0.66] 0.001 0.16 [-0.52,0.84] 0.64
August 0.13 [-0.09,0.35] 0.25 0.88 [0.28,1.49] 0.004
Dec 0.23 [-0.04,0.49] 0.09 0.21 [-0.52,0.94] 0.57
Married -0.05 [-0.29,0.19] 0.70 0.10 [-0.56,0.76] 0.77
Education 0.05 [-0.08,0.18] 0.42 0.16 [-0.20,0.52] 0.38
Mom ARV -0.04 [-0.20,0.11] 0.58 -0.43 [-0.87,0.02] 0.06
Mom LNS 0.08 [-0.05,0.20] 0.22 0.21 [-0.12,0.55] 0.21
Kid ARV -0.11 [-0.26,0.05] 0.18 -0.58 [-1.01,-0.15] 0.01
Intercept 4.06 [3.32,4.80] <0.001 4.22 [3.42,5.01]<0.001 37.64 [33.07,42.21] <0.001 38.03 [33.21,42.86] 0.0

BAN, Breastfeeding Antiretoviral and Nutrition; LN&pid-based nutrient supplement; RV, antiretralintervention



Table 3.3 Predictors of maternal weight loss among BAN mothers

Maternal weight loss from 2-24 Wk

OR 95% ClI p
BMI at 2 weeks postpartum 1.02 [-0.02,0.06] 0.32
Maternal height (cm) 1.02 [0.00,0.04] 0.04
CD4 <350 cells/pL 1.14 [-0.13,0.40] 0.33
Primiparous 1.01 [-0.41,0.43] 0.96
Birthmonth (ref: Sept, Oct, No¥)
0.35 [-1.52,-0.56] <0.001
0.32 [-1.62,-0.64] <0.001
0.19 [-2.16,-1.17] <0.001
0.29 [-1.74,-0.77] <0.001
0.35 [-1.51,-0.62] <0.001
0.42 [-1.34,-0.41] <0.001
1.05 [-0.48,0.59] 0.85
0.77 [-0.75,0.23] 0.30
0.62 [-0.99,0.03] 0.07
Married 1.49 [-0.05,0.84] 0.08
Education 1.22 [-0.06,0.46] 0.13
Mom ARV 1.74 [0.29,0.81] <0.001
Mom LNS 0.98 [-0.26,0.22] 0.87
Intercept 0.03 [-7.11,0.11] 0.06

'Maternal weight loss from 2-24 wk, compared to weichange>0

“Chunk test for season effects: chi2(9) 81.33, p&D.0
BAN, Breastfeeding Antiretoviral and Nutrition; LN#pid-based nutrient supplement; ARV, antiretravi

intervention.
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Infant weight gain from 0-24 wk (kg)
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Infant length gain from 0 to 24 wk (cm)
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Figure 3.1 Predicted infant weight gain and length from 0 to 24 weeks for varying
maternal BMI levels

Predicted values of infant weight and length gain from 0 to 24 weeks from a Bgeassion
model relating maternal weight loss at varying maternal BMI leatelsweeks postpartum to
infant growth outcomes at 24 weeks. Predicted values at each BMI level reprediesaihe
combination of maternal weight loss coefficient, maternal BMI cdefiicand the interaction
between maternal weight loss and BMI coefficients. Each model also containefhth's

birth measurement for weight (p=0.01) in the weight gain model and length (p<0.001) in the
length gain model. BMI, body mass index.
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Chapter 4. Maternal transferrin receptors and ferritin are associatedwith infant values
in exclusively breastfed HIV-exposed infants
Overview

Infant iron status at birth is influenced by maternal iron status during mr@gna
whether maternal iron status is associated with infant iron status duringie&c
breastfeeding is controversial. We evaluated how maternal and infant hemogllopoan(l
iron status [transferrin receptors (TfR) and ferritin] were relateshg@xclusive
breastfeeding in HIV-infected women and their infants. The BAN (Breaditig,
Antiretrovirals and Nutrition) Study was a randomized controlled trial ionigive, Malawi,
where HIV-infected women were assigned with a 2 x 3 factorial desigrdebbased
nutrient supplements (LNS), or no LNS, and maternal antiretrovirals (ARV), iAR¥tor
no ARV. We used longitudinal models to relate maternal Hb (n=1926) to concurrently
measured infant Hb. In a subsample, we regressed change in infant iron dtatag (H
ferritin, log TfR) between 2 (n=355) or 6 wk (n=167), and 24 wk (n=532) on corresponding
change in maternal indicator, adjusting for initial values. A one-unit highermahtéb at 6,
12, and18 wk was associated with 0.04 g/dL (p=0.02), 0.07 g/dL (p=0.001), and 0.05 g/dL
(p=0.008) respective higher value in infant Hb. In the subsample, an increase in nfdiernal
and Hb was associated with a respective increase in infant valuef: (O:fBE8 mg/L,
p<0.001; HbP: 0.13 g/dL, p=0.01). Initial infant values were strong predictors of later infant

Hb and iron status (all p-values <0.001). Given the observed maternal influence and the



influence of initial infant values, optimizing maternal iron status is impottaptotect infant
iron status.
Introduction

Iron deficiency is the most common nutrient deficiency in low-income countries a
is associated with increased perinatal and maternal mortality, andechp#eint growth,
neurodevelopment, and immune function. Given the initial iron endowment at birth, to date
the predominant opinion has been that infant iron stores are sufficient during exclusive
breastfeeding from birth to 6 montffsHowever, infants in resource poor settings are prone
to early depletion of iron stores, especially if maternal iron status wadvefmoe or during

94 male

pregnancy: and among infants with shorter gestational Bdew birthweigh
gender’’* and rapid growtf® The identification of postnatal factors that influence infant’s
risk of early iron store depletion and subsequent deficiency is urgently needed.

Whether maternal iron status is associated with infant iron status during
breastfeeding—independent of infant iron stores at birth—is unclear. Studieategthe
impact of maternal iron status during lactation on breast milk iron content have been
inconsistent® " Several recent studies have shown that maternal Hb and serum iron levels
are related to breastmilk iron levels, especially in anemic women or woitleimpaired
iron status markers:">"%"?however, studies that have investigated whether breastmilk iron
levels subsequently influence infant iron status are equivbcal.

Understanding the relationship between mother and infant iron status is lgspecia
important in the context of HIV. HIV-infected women are at high risk of aaehring

pregnancy and of depleted iron stores postpartutiin resources poor settings, six months

of exclusive breastfeeding by HIV-infected women coupled with antiretiqurioghylaxis to

35



the mother or infant is recommended to promote child survival and prevent mother-to-child
transmission of HIV if replacement feedings are not acceptable, feadiolelable,
sustainable and saféTogether, these factors—impaired maternal iron status, antiretroviral
prophylaxis’®and exclusive breastfeeding—may result in early depletion of infant iron stores
and possibly a greater dependency on breastmilk iron as lactation proceeds.

Our objective was to examine the relationship between maternal and infant
hemoglobin (Hb) and iron status (ferritin and TfR), and furthermore becauseathzawt of
a randomized controlled trial, to determine the effects of the study intememin maternal
and infant Hb in participants of the Breastfeeding, Antiretrovirals and Nat&tudy (BAN)
and a subset of BAN participants selected for additional biomarker assajsalawi
Mothers and Infants (MaMi) subsample. BAN mother-infant pairs were randdrtoza 2-
arm nutritional intervention with maternal lipid-based nutrient supplementatié®)(L
meeting the nutritional needs of lactation and providing 15 mg iron per day and tma 3-a
antiretroviral (ARV) intervention (maternal, infant or no ARV regimen), aecevelosely
followed during the period of exclusive breastfeeding from 0 to 24 weeks postpartum.

Subjects and Methods

Study population

The data for the current study are from the BAN study, whose dkaighprimary
intervention findings have been reported elsewh&ré&’BAN was a randomized controlled
trial of 2,369 mother-infant pairs conducted in Lilongwe, Malawi from April 2004 to
February 2010. HIV 1-positive pregnant women (n=3572) were recruited from fooatatte
clinics and screened for initial eligibility criteria including: agé&4 years of age, CD4 count

> 250 cells/uL (prior to 07/24/2006 CD4 cut off we00 cells/pL in accordance with
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Malawi Ministry of Health guidelines for HIV treatment), B/ g/dL, no prior antiretroviral
medication use, and no major pregnancy complicafiéitem the screening visit to 1 week
(wk) postpartum, all eligible mothers received daily iron-folic acid suppiatien
containing 200 mg ferrous sulfate and 5 mg folic acid according to the Malawi iMioist
Health care guidelines. At delivery, eligible women (n=2791) received madhtend infant
single dose nevirapine peripartum as well as twice-daily zidovudine and lamivodihe
days postpartum. Within 36 hours of delivery, mother-infant pairs had to present at yhe stud
site and meet secondary eligibility criteria for randomization inoyrdnfant birthweight
2 kg, no severe congenital malformations, and no other conditions incompatible with survival
or that would preclude the use of the study drugs. Of the 2382 mother-infant pairs who met
secondary eligibility criteria, thirteen women declined further piadtion.

Mother-infant pairs (n=2369) were randomized using a permuted-block method to
one of six treatment arms according to a two-arm nutritional and threenéiretraviral
factorial design: maternal LNS/maternal ARV (mMLNS-mARYV), enaal LNS/infantARV
(MLNS-IARV), maternal LNS (mLNS), maternal ARV (mARV), infanRA (iIARV), or
control (C)*° Half of the mothers received a daily maternal LNS dose of 140 g providing
estimated added energy and protein requirements of lactation and the recochdaslyde
allowance of micronutrients including 15 mg of iron but excluding vitamin A (Supplementa
Table 4.1 The LNS was intended to offset the energy and protein demands of lactation,
and was instructed to be eaten in addition to regular foods. The LNS was produced by
Nutriset (Malaunay, France) and contained: peanut butter, vegetable okindnyexd milk
powder, dry whey, sugar and micronutrients. Mothers in the maternal ARV raulohsS¢

MARYV & mARYV) received a three-drug highly-active-regimen, while itdan the infant
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ARV arms (MLNS-IARV & iIARV) received daily oral nevirapine. On Mar26, 2008, the
data safety monitoring board halted enroliment in the no drug study arms (QN&)mL
because there was evidence that HIV transmission through breastmilkgivasihithese
groups’* Mothers enrolled in these arms were allowed to change to the maternal or infant
drug regimen for the remainder of exclusive breastfeediRgrther details of the ARV
regimens are described elsewh&& Infants diagnosed by HIV-1 with polymerase chain
reaction (PCR) within two wk of delivery (n=119) were disenrolled from the samty
mother-infant pairs were referred for care.

In accordance with the World Health Organization prevention of maternaldo chi
transmission of HIV (PMTCT) guidelines in development when the BAN study was
designed’>*where exclusive breastfeeding for six months was recommended until
acceptable, feasible, affordable, sustainable and safe (AFASS) conditioaglé@mement
feeding are met, intensive counseling regarding exclusive breastfeeasngrovided to
BAN mothers. Mothers were instructed to exclusively breastfeed theirsrftar24 wk and
to wean between 24 and 28 WAll participants were given 2 kg of maize per wk for family
consumption to mitigate the effects of seasonal food shortages and to prevent $haring o
maternal LNS. The World Food Program (WFP) provided food aid to all HIV-infected
women in Lilongwe during a drought between February and August 2005. The aid consisted
of a monthly ration of corn/soy flour and 1 liter of vitamin-A-fortified corh An estimated
260 mothers received the ration in lieu of the BAN maize packegmsed on WHO
recommendations, the BAN study initiated cotrimoxazole preventive th&sapyfants 6-36

wk of age in June 2008,
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Informed consent was obtained from all participating mothers. The Mistwanal
Health Science Research Committee and the institutional review boamdweitsidy of
North Carolina at Chapel Hill and the U.S. Centers for Disease Control and Ryeventi
approved the study.
Anthropometrics, study procedures and laboratory analyses

Participant visits were conducted at the BAN study clinic at Bwéolspital in
Lilongwe. Mother-infant pairs were followed at birth and 1, 2, 4, 6, 8, 12, 18, 21, and 24
weeks postpartum, which allows us to closely follow mothers and infants during whsh bre
milk is the sole nutrition source for the infant. At birth and 2, 6, 12, 18, and 24 weeks
maternal and infant Hb (g/dL) was measured using Beckman Coulter AieTeiial
Analyzer or AcT 5-part Differential Analyzer (Beckman Coulter |étbn, CA). Infant HIV
status was tested with Amplicor 1.5 DNA PCR at 0, 2, 12 and 28 wk. Positive postnatal HIV
tests were confirmed with a specimen obtained at the following visit. Dloedl spots were
tested using Gen-Probe Aptima HIV-1 RNA Qualitative assay to furgfiee the timing of
infection in infants. At all visits, maternal and infant weight was measurad tesjularly
calibrated Tanita digital electronic scales to the nearest 0.1 kg utiMaheight was
measured with a wall-mounted stadiometer. Infant recumbent length wagretasing a
wooden length board made to UNICEF specificat®rgurses and nutrition assistants were
trained in anthropometry and their methods were standartfizetéternal report of parity,
marital status, and years of maternal education was obtained at the scweshiMaternal
report of infant’s exclusive breastfeeding status was obtained at 4, 8, 12, 18, 21 and 24 wk

postpartum.
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Plasma was separated from red blood cells, aliquoted to 1 mL plastic storage tubes
and stored at -70°C. To identify participants for inflammation and infection bkemassays
(n=537), samples were drawn from the LNS and no LNS groups where all mhitthke
and infants who became HIV positive at any time point were removed, and mo#rer-inf
pairs with anthropometry, and dietary data measurements were prioritizeth Ferr
transferrin receptors (TfR), and markers of inflammation [C-reactiveipr&P) andx-1-
acid glycoprotein (AGP)] concentrations were measured at 2 or 6 and 24 wk postpartum
using Cobas Integra 400 (Roche Diagnostics, Indianapolis, IN) in the subsample mother
infant pairs. Initial biomarker measurements were obtained at 2 weeks irs iwitint
sufficient plasma at that time; otherwise assays were conducted wittepddgained at 6
wk.

Statistical analysis

This paper focuses on two groups of mother-infant pairs in BAN with Hb and iron
measurements: mother-infant pairs with longitudinal Hb dadaditudinal Hb sample and
a subset of these mother-infant pairs selected for additional biomarkeresnilgMi
subsample)who have additional measurements of iron status (TfR and ferritin), CRP and
AGP. Mother-infant pairs were excluded from analyses if the infant wastgle (n=49),
HIV-infected (n=58). Infants who were weaned early (n=277) were extlinde the
longitudinal anlayiss up to the point of cessation of cessation of exclusive &eeasit
STATA 12.0 (College Station, TX) was used for all statistical analyses.

Longitudinal Hb sample
1926 mother-infant pairs had necessary data for the longitudinal Hb analyaess: inf

Hb at birth, concurrent maternal and infant Hb at subsequent visits, and birthweight.
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Characteristics of the included mother-infant pairs indghgitudinal Hb samplén=1926)
were compared to characteristics of randomized mothers excluded from yssafmed443)
to assess for similarity using t-tests for continuous, normally distributeables, and
nonparametric tests for skewed continuous variables. Compared to excluded randomized
mothers, mothers in tHengitudinal Hb samplevere older (26.2 vs. 25.1 years, p<0.001),
had lower prevalence of low CD4 (29% vs 35%, p<0.01), higher pregnancy Hb (10.8 vs. 10.6
g/dL, p<0.001) had less anemia during pregnancy (52% vs. 60%, p=0.002), and fewer
women were primiparous (12 vs. 16%, p=0.01). Infants ihothgitudinal Hb samplé&ad
heavier birthweight (3.02 vs. 2.96 kg, p=0.001), higher birth length (48.2 vs. 47.9 cm,
p<0.001), lower prevalence of low birth weight (6% vs. 12%, p<0.001), and were more likely
to be in the ARV arm (38% vs. 29%, p<0.001).

To understand the influence of maternal anemia on infant iron status postpartum, we
used linear regression to evaluate whether maternal anemia during psegmaarassociated
with infant Hb at birth, adjusting for infant birthweight. We also evaluated whethtarnal
anemia during pregnancy (Hb <11 g/ffljas associated with infant Hb from 2 to 24 weeks
using a longitudinal random effects model with a first order autoregressiuebdince term,
adjusting for infant birthweight, birth Hb and rate of weight gain and age. Infamtage
modeled with a spline with a knot at 9 weeks of age.

For the primary analysis in thengitudinal Hb samplelongitudinal random effects
models were utilized to evaluate how maternal Hb related to concurrentyredanfant
Hb from 2 to 24 wk, modeled with first order autoregressive disturbance terms, adjoisting
infant Hb at birth, infant gender, birthweight, and rate of weight gain sincedingcvisit.

To capture the non-linear trend of Hb over time, infant age was modeled with a spline
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containing one knot at 9 wks of age. Interactions of age with study interventions, rate
weight gain and infant Hb at birth were evaluated. The BAN study interventioagested

as potential confounders; however, none of the interventions had significant effepts@bdm
to mother-infant pairs in the control group (all p-values >0.20) and were not included in the
final model.

In secondary analyses in tloeagitudinal Hb sampleywe separately evaluated for
intervention effects on maternal Hb and infant Hb. In the mothers, a longitudinal random
effects model with a first order autoregressive disturbance terms wa® useduate the
effect of the maternal study interventions (MLNS-mARYV, mARV, mLNS, rodnon
maternal Hb from 6 to 24 wk postpartum, adjusting for maternal Hb at 2 wk and time in
weeks. Potential interactions with the study interventions and time wduat¢h In the
infants, similar longitudinal random effects models were used to evaluatedbedtfthe six
study interventions on infant Hb from 2 to 24 wk. Infant age was modeled a spline containing
one knot at 9 wks of age. Potential interactions of study interventions, infant Hb ahdirth a
rate of infant weight gain were also evaluated.

MaMi Subsample

Plots and Shapiro-Wilk tests indicated that plasma ferritin, TR, CRP, anchAG®
non-Gaussian distribution so these variables were log transformed. Charestesse
compared between mother-infant pairs included in the MaMi subsample (n=537) and
excluded mother infant pairs (n=1832) to assess for similarity using tfbestontinuous,
normally distributed variables, and nonparametric tests for skewed continuousagariabl
Compared to the excluded mother-infant pairs, mothers iM#Mi subsamplevere older

(26.6 vs. 25.9 years, p=0.01), had lower BMI at delivery (23.3 vs. 23.7 kg#®.02), and
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were less likely to be married (90.5% vs. 93.3%, p=0.01) and infants had marginally higher
birthweight (3.04 vs. 3.01 kg, p=0.06) and a lower prevalence of low birthweight (4.6% vs.
8% p=0.01), and a larger proportion received the ARV intervention (41% vs. 35%, p=0.02).
Hb and ferritin are sensitive to infection and inflammation—Hb is lowered and
ferritin is greatly increased. Though TfR is thought to be less sensitive to inflammation and
infection,® we observed associations of CRP and AGP with TfR, and therefore adjusted TfR
for infection and inflammation. To remove the effects of inflammation from Ftikand
ferritin measurements, we used methods proposed by Thurnham and collé&Y\ves.
used previously used cutpoints to define elevated CRP (>5 mg/L) and AGP (>1 g/L) and
stage of inflammation [healthy (normal CRP & AGP), incubation (elevakde)Cearly
convalescence (CRP & AGP elevated), late convalescence (elevadl’AWe then
determined correction factors for each inflammation group by dividing the meahae of
the healthy inflammation group by the median value of the incubation, early cscerade,
and late convalescence grodpsVe then multiplied the measured Hb and iron status values
by the group specific correction factdr.
In the primaryMaMi subsampl@nalyses, linear regression was used to evaluate how
change in maternal iron status (Hb, ferritin and TfR) related to change it inofia status
(Hb, ferritin, or TfR) from 2 (n=355) or 6 wk (n=167) to 24 wk (n=532), controlling for
initial maternal and infant values, study ARV arm (mARV or iARV), infanthsveight, and
whether the initial values were obtained at 2 or 6 wks postpartum. This approach altows us
theoretically evaluate whether maternal iron status relates to itdéun sluring lactation
independent initial maternal influence. Maternal LNS was not included as a tevatize

models in order to isolate the effects of maternal serum status on infant statcsndcted
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a sensitivity analysis to evaluate how adjustment for infection and inflammiatioanced
our findings in theMaMi subsamplenother-infant pairs. We used linear regression with
unadjusted iron markers to evaluate the relationship between change in meiarmadrker
on change in infant iron marker outcome, and observed associations similar to the
inflammation adjusted models. In addition to these models, we used logist&siegr®
evaluate whether depleted maternal iron stores (ferritin <15 ug/L) at 2l&were
associated with increased odds of depleted infant iron stores (ferritin <12au@/b)weeks,
adjusting for infant birthweight, ARV arm, when initial measurement wasnaatand
infant gender.

In secondary analyses in thlaMi subsamplewe separately evaluated for
intervention effects on maternal and infant iron status and Hb, adjusting for infant
birthweight and gender. Interactions between LNS and ARV arms were alaatedaMWe
also conducted logistic regression models to determine if the study intenganwere
associated with increased odds of impaired infant iron status at 24 weeks, adipustinigl
iron status measurement, birthweight, timing of measurement and infant.datetactions
between LNS and ARV intervention arms were also evaluated.

Results

In general, mothers in both analyses were young, parous, married and had normal
BMI at delivery, but more than half had anemia (Hb<11 dfidiyring pregnancy (Table
4.1). Slightly more than half of the infants were male, few infants had low bightrend

infant Hb was high at birth.

44



Longitudinal Hb sample

From delivery to 24 wks postpartum, maternal Hb increased (Figure 4.1) and
prevalence of maternal anemia (Hb <11 gfddecreased from about 50% to 31%. Mean
infant Hb followed the typical pattern of decline from birth to 24 weeks, as feta btioken
down’® (Figure 4.2). From 12-24 wk, prevalence of low infant Hb (<10.5 ¢7dhgreased
from 43% to 50.3%. We observed that pregnancy anemia (Hb<11Y¥ed associated
with lower infant Hb at birth{: 0.23 g/dL, p=0.01), adjusting for infant birthweight, but was
not associated with infant Hb from 2 to 24 weeks in a longitudinal mpde).08 g/dL,
p=0.2).

The longitudinal model relating maternal and infant Hb over time indicates that
higher maternal Hb predicts higher infant Hb over time (Supplemental Table 42) wit
significant associations between 6 and 18 wks (Figure 4.3). Female gender @nd high
birthweight were associated with higher infant Hb (p<0.001). Higher infant bliptlatvas
associated with higher infant Hb over time, while faster weight gain—esiyani younger
infants—was associated with lower infant Hb over time.

Effects of the study interventions

LNS intervention effects were minimal on maternal Hb, while there s@me
adverse but not sustained effects of maternal ARV provision over time in both the mARV
and mLNS-mARYV groups (Supplemental Table 4.3). Among mothers who received no
ARVs, there were no differences in maternal Hb over time between women eeinceceor
did not receive LNS (all p-values >0.75). For mothers who received both LNS and ARVs
(mMLNS-mARYV), predicted values from the longitudinal models indicate thatnadtdb

was significantly lower at 6 and 12 wks postpartum (3w40.32, p<0.001, 12 wR: -0.20,
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p<0.001); however, at 18 and 24 wks the negative effects were not sustained (all p-values
>0.25). Similar effects were observed in mothers who received only ARVs (mARe)ew
maternal Hb was significantly lower at 6 and 12 wk postpartum (B:wk 22, p=0.001, 12

wk B: -0.15, p=0.003), but again at 18 and 24 wks the negative effects were not sustained (all
p-values >0.1). The longitudinal model of infant Hb shows no effects of the intervention

arms on infant Hb (Supplemental Table 4.4).

MaMi subsample

In theMaMi subsampleinflammation adjusted maternal Hb remained relatively
stable from initial measurement to 24 wk, while maternal TfR declined (#abjelnitially,
prevalence of depleted maternal iron stores (adjusted ferritin <15 ug/L) giashile
fewer women had tissue iron depletion, denoted by elevated adjusted TfR (TfR >8.3 mg/L)
By 24 weeks, about a third of women had depleted iron stores, but again fewer women had
tissue iron depletion. Inflammation adjusted infant Hb declined from initialune@ant to
24 wk. Infant ferritin values declined markedly, while TfR increased from initial
measurement to 24 wk. Few infants had abnormal initial adjusted measurement4ut b
wk many infants began to show signs of poor iron status. From initial measurement to 24
weeks, prevalence of elevated CRP (>5 mg/L) and AGP (>1 g/L) declineatlers and
increased in infants.

Maternal TfR and Hb, but not ferritin, influenced infant values (Table 4.3). An
increase in maternal TfR was associated with an increase in infant TfRsgngghat
worsening maternal iron status was related to worsening infant iron. Satukarly, an
increase in maternal Hb was associated with an increase in infant Hb at 24altknodels,

initial infant values were the strongest predictor of change from the miéiasurement.
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Higher birthweight and female gender were strongly associated with Td®Rebut higher
Hb and ferritin. In these models relating change in maternal value to dnanggnt value,
maternal and infant ARV regimens had no effects on infant TfR, Hb or ferritin. In snodel
relating maternal iron store depletion to odds of depleted infant iron stores, weedltbeait
depleted maternal iron stores (ferritin <15 ug/L) at 2/6 weeks were maiates! with
depleted infant iron stores at both 2/6 and 24 weeks (ferritin <12 ug/L) (2/6 wk: OR: 2.23,
p=0.32; 24 wk: 0.98, p=0.94).
Effects of the study interventions

MLNS was not related to maternal Hb, TfR, or Ferritin values at 2, 6, or 24 wk (all p
values >0.1) (Table 4.4). mARV prophylaxis was associated with lowermaatdip at 6 wk
(p<0.001), but was unrelated to maternal ferritin (all p-values >0.05). mARYV propghylax
was associated with higher maternal TfR (suggestive of worseningatos)sat 6 and 24
wks; however, the adverse ARV effect was reduced if the mother received-idi®e(4.4).

MLNS had no effects on infant Hb at any time (all p-values >0.1). mARV
prophylaxis was associated with lower infant Hb at 2 wk, but not at later timeitar§i,
IARV was associated with lower infant Hb only at 2 wk. We also evaluated whie¢her t
interventions were associated with odds of infant anemia at 24 weeks (Hb <10.5myddL), a
observed a significant interaction between mLNS and iARV (Table 4.5); howased bn
linear combinations of the mLNS, iIARV and mMLNS*ARV coefficients the mLNSpted
with IARV was not associated with increased odds of anemia (OR: 1.20, p=0.58).

MLNS had no effects on infant ferritin initially and was associatddlaster infant
ferritin at 24 weeks but not increased odds of infant iron store depletion (ferritin A)2 ug

at 24 weeks. mARYV or iARV prophylaxis had no effects on infant ferritin. mLNS was
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associated with higher infant TfR at 2 wk, but not at 6 or 24 weeks. At 2 wk, a significant
interaction was observed between mLNS and mARYV (p=0.07) as well as betweenamd NS
IARV (p=0.01) on infant TfR outcomes. Based on the linear combinations of mMLNS, iARV
and mLNX*IARV coefficients, the net effect of provision of mMLNS along with iIAR¥S
not higher infant TfRR: 0.17, p=0.15). On the other hand, based on the linear combinations
of the mLNS, mARYV and mLNS*mARYV coefficients, the effect of mLNS providedh wit
MARYV was marginally higher infant TfR8{0.26, p=0.04). We tested whether the
interventions were associated with increased odds of abnormal TfR (TfR>8.3), ancedbs
no association.
Discussion

In our study of HIV-infected Malawian mothers and their infants duringisixa
breastfeeding, maternal Hb and TfR predicted infant values. More than halfrefrenbad
anemia during pregnancy, which was associated with lower infant Hb at births This i
important because the infant’s iron endowment at birth was related to subsedueinitois
depletion postpartum. Initial maternal iron measurements indicate thatedesihe
supplementation during pregnancy, maternal iron stores were depleted in magy.wom
Initial infant iron measurements suggest that the mechanisms to protectrimisstatus
were effective in the immediate postpartum pefiosince mean infant Hb at birth was
within normal levels and few infants had depleted iron stores or high TfR ini#dlB4 wk,
however, infant iron status was poor, suggesting that initial infant storeshaivbne
insufficient for the period of exclusive breastfeeding and possibly that iméasbn levels

may have been suboptimal. Interestingly, we observed no association betweendovaimat
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ferritin at 2/6 weeks and low infant ferritin at 2/6 or 24 weeks; suggestingreedtmilk
iron levels may have been protected in some mothers with impaired iron status.

In thelongitudinal Hb mother-infant Hb models, higher maternal Hb predicts higher
infant Hb between 6 and 18 wk. Similarly in thl@Mi subsamplevhere we corrected Hb
measurements for infection and inflammatilanger increases in maternal Hb were
associated with larger changes in infant Hb; providing further evidence thenaladtb
predicts infant Hb during exclusive breastfeedihGonversely, larger increases maternal
TfR predicted larger changes in infant TfR during breastfeeding, suggtsiingorsening
maternal iron status contributes to worsening infant status. Maternal iros 1Istosé be
depleted for tissue iron depletion to manifest as increased TfR levels, thus auedbse
association between maternal and infant TfR suggests that mothers with sieveagigd
iron status may have impaired breastmilk iron levels. We did not observe an associati
between maternal and infant ferritin, which has been previously ob<8véant iron stores
at birth are regulated to be high in order to ensure adequate iron stores duririgdaliegst
in our analysis this is apparent by the high infant ferritin values at 2 or 6 weeks.tave
underlying mechanisms to protect and maximize iron transfer to the fetus elighewit
presence of maternal anerfifand the many factors influence infant iron endowment at birth
including gestational agé,and timing of cord clampifg the lack of an association between
maternal and infant ferritin is not surprising and is further supported by the alb$amce
association between the initial maternal ferritin measurement and infiaim f& 24 wk.

In thelongitudinal Hb samplethe BAN study interventions—especially the ARV
regimen—had some effect on maternal Hb. Though maternal LNS had 15 mg of iron, this

may not have been enough to replete the iron stores of mothers with impaired iron status
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postpartum. As such, our lack of LNS main effects was anticipated. Though we obkatved t
ARVs provided with or without LNS had negative effects on maternal HB at 6 and 12 weeks,
these effects were not sustained at later times. IM#&Mi subsamplein contrast to our
longitudinal model findings, we observed no interactions between mLNS and mARYV on
maternal Hb; but observed negative ARV effects on maternal Hb at 2 wk postpartum.
Provision of maternal LNS mitigated some of the adverse effects of ARVstemalal fR
values, indicating that LNS provision was protective for maternal iron status.

Even though we observed some effects of the BAN study interventions on maternal
Hb, the study interventions had no influence on infant Hb values Inorig@udinal Hb
sample This is consistent with a previous study in Turkish women, where maternal iron
supplementation had little effect on milk iron content, the milk-maternal serunatioror
infant iron statu$?’?but women with anemia (Hb <11 g/dL) (who would have likely
received the most benefit from the supplement) were excluded from the study.

In theMaMi subsamplewe observed mixed effects of the study interventions on
maternal and infant Hb and iron status. mLNS was not associated with materrexritib, f
or TfR, while mARYV provided with or without mMLNS was associated with impaireienmal
TfR. The study interventions were not associated with infant Hb at any timéhor w
increased odds of anemia at 24 weeks. Though mLNS was associated with lower infant
ferritin at 24 wk, it was not associated with increased odds of depleted infant i stor
(ferritin <12 ug/L) at 24 wk. We observed that provision of LNS coupled with maternal
ARVs was associated with marginally higher infant TfR at 2 wk, but not at athes.t

However, the study interventions were not associated with increased odds @kelgtrat
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This research has some limitations. First, we lacked measures of thpleséde
response in thiengitudinal Hb sampland were not able to adjust for inflammation and
infection in this group. Because Hb is lowered in the presence of inflammationfecttbn,
presence of iliness or subclinical inflammation may have distortelbgitudinal Hb
samplefindings. In our sensitivity analysis to evaluate how adjustment for infeatidn a
inflammation influenced our findings in tidaMi subsamplenother-infant pairs, we
observed associations similar to the inflammation adjusted models. This sulgests
longitudinal Hb modetindings are likely not to be markedly affected by inflammation and
infection. Second, we do not know whether mothers received and took iron supplements
during pregnancy; however, by controlling for the mother’s initial measemethis may not
have biased our findings.

In theMaMi subsamplave have initial measurements of iron status and Hb at two
time points due to insufficient plasma availability at 2 weeks postpartum. Dbhragnte
period, infant iron status, particularly Hb, changes dramatically. Weadtibzdummy
variable for time of measurement in our primary models in order to retain oMM
subsample for the change analyses, which was influential in the TfR and Hb models. To
evaluate intervention effects, we used linear regression at each time poirdyandtrhave
had sufficient power to detect LNS effects with initial measuremesitbeasample at 2
weeks may have been too small to detect associations, as the mothers in the oupNS gr
only had 2 weeks of LNS consumption.

In thelongitudinal Hb sample, vexcluded about 19% of randomized mother-infant
pairs from our longitudinal analysis if they did not have measurements requiradidision

in the analysis (birthweight, birth Hb, and concurrently measured mother-infant Hb) (n=
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217), or were multiple births (n=49), HIV-infected in first 2 wk (n=119) or HIV-infected
from 2 to 24 wk (n=58). Infants weaned early were censored when maternal reportedndica
that the infant was no longer exclusively breastfed (n=277). Compared to infdatked in
thelongitudinal Hb sampleworse off infants and mothers were excluded or lost-to-follow
up. Similarly, mother-infant pairs in tiMaMi subsamplevere healthier than randomized
infants. As such, we may have underestimated the observed relationships betwesal mate
and infant Hb and iron status.

This study also has many strengths. This is the first study to chamatheriz
relationship between maternal and infant iron status using multiple iron measumgs dur
exclusive breastfeeding. In these analyses, we controlled for the snfatél
measurement; therefore we are theoretically observing the effectsastroilk iron, as
breastmilk was the sole source of nutrition for BAN infants during this time. Apéy
dyadic modeling framework is an innovative approach to examine these motherroriant i
status relationships. Supporting this approach are our detailed exclusive bdeagtiata,
which allowed us to exclude weaned and mixed fed infants from our analyses, as thie mothe
was no longer the sole source of nutrition for her growing infant and infants who potentiall
received other sources of iron in complementary foods were also excluded. Moreover, our
analysis focused on the early postpartum period, a period where infant ironsstedtig/ell
characterized, and adds to our understanding of iron status dynamics during this time
Finally, understanding these relationships is especially important in thextohHIV to
guide future interventions and programs to promote maternal and infant health and t

optimize maternal and infant iron status.
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The LNS and ARV interventions had few sustained effects on maternal and ibfant H
and iron status over time in thengitudinal Hb sample In theMaMi subsampleye
observed that the mLNS and the mLNS-mARYV interventions were associated patinach
TfR and ferritin values, respectively; however, they were not associatethaieased odds
of abnormal values. The current WHO recommendations for infant feeding in thetadntex
HIV is forsix months of exclusive breastfeeding followed by introduction of apptepri
complementary foods with continued breastfeeding for 12 months, along with provision of
ARV prophylaxis to the mother or infant up to 1 wk after cessation of breasife&siven
these recommendations along with the high nutritional demands of lactation and HIV,
providing LNS with only 15 mg of iron along with ARVs to HIV-infected lactatingnen
may have little clinical significance for maternal and infant iron stduisL NS still may be
valuable to support breastfeeding in HIV-infected mother in resource poor s&ttingS
may be particularly advantageous in places with corn-based staple foods, such &s nsima
Malawi, since phytates present in corn may inhibit iron absorption and incredismtkeof
poor iron status.

Given the observed association between maternal and infant Hb and TfR, and the
strong sustained effects of infant’s birth Hb in ktvegitudinal Hb sampl@nd initial iron
status measurements in tM@Mi subsamplen later status, optimizing maternal iron status
is important for reducing risk of iron depletion in infants. Further research to tartkiw
iron status markers relate to breastmilk iron levels appear warranted.vdgriemther
research to understand how ARVs affect maternal and infant iron status from 6 to 12 months

is needed.
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Table 4.1 Characteristics of mother-infant dyads in both analysis samples

Longitudinal Hb Sample MaMi Subsample

n=1926 n=519
MOTHERS
Age (yf 26.2+5.0 26.6 +5.2
Height (cm§ 156.88 + 5.52 156.57 + 5.40
BMI at 2 wk postpartum (kg/ff 23.59 + 3.03 22.85+2.98
CD4(cells/pL)** 480.97 + 197.92 482.63 + 221.68
CD4 < 350 cells/uL (%) 28.6 30.1
Hb (g/dL)?* 10.8 +1.22 10.80 + 1.18
Anemia (%f 52.0 53.8
Primaparous (%) 11.6 10.3
Married (%) 92.3 90.2
Education (%) 35.0 36.8
INFANTS
Female (%) 49.3 47.6
Birthweight (kg§f 3.03 £0.40 3.05 £ 0.39
Low birthweight (%) 6.2 4.6
Birth length (cmj 48.22 +1.94 48.23 +1.96
Hb at birth (g/dLj 17.44 + 2.02 17.34 +2.09
STUDY INTERVENTION (%}
mLNS-mARV 17.7 16.8
mARV 17.6 15.8
mMLNS-IARV 19.2 20.0
IARV 18.5 20.4
mLNS 13.2 14.5
C 13.9 12.5

Though 537 mother-infant pairs were included in the MaMi subsample, 18 of these pairs
were missing mother or infant inflammatory marker measurements andheteneluded in
this analysis

’Mean + SD

3Measured during pregnancy, Anemia defined as Hb <11'y/dL

“Study intervention: maternal LNS/maternal ARV (MLNS-mARYV), nadér

LNS/infantARV (MLNS-IARV), maternal LNS (mLNS), maternal ARMARY), infant

ARV (iIARV), or control (C)
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Table 4.2 Infection, Hb and inflammation adjusted and unadjusted markrs of iron status of MaMi subsample mother-infant

dyads'
Initial measurement 24 week
2 week 6 week

Unadjusted Adjustéed Unadjusted Adjustéd Unadjusted Adjustéd
MOTHER
Hb(g/dLy 11.9 + 1.6 (365) 12.6 + 1.6 (360) 12.0+ 1.4 (170) 12.2 +1.3 (170) 12.4 + 1.2 (535) 12.6 + 1.2 (534)
Adverse event
(%)* 11.2 6.4 7.7 6.47 2.99 1.5
Low (%)* 47.4 35.28 42.35 38.82 34.77 29.59
Ferritin (ng/mLy 46.3 +55.2 (367) 29.98 + 37.26 (362) 42.83 £ 65170)  43.09 £ 63.69 (170) 34.65 £ 47.82 (537) 82313.08 (536)
Deficient(%} 23.98 39.23 33.53 32.35 31.28 334
TfR (mg/Ly 5.68 + 2.80 (367) 5.69 + 2.82 (362) 5.98+3.700017  5.67 +3.50 (170) 5.09 + 2.42 (536) 4.86 + A235)
Deficient(%} 13.08 12.71 18.24 15.88 8.77 6.92
Elevated inflammatory markers
CRP >5 mg/L (%) 42.9 - 22.4 - 16.4 -
AGP >1 g/L (%) 76.8 - 47.7 - 335 -
INFANT
Hb (g/dLy 14.25 +1.79 (357) 14.30 + 1.78 (351) 11.05 + 1 B8b) 11.14 + 1.28 (163) 10.39 + 1.11 (530) 10.4710 (526)
Adverse event(%) 26.89 26.21 10.91 9.82 56.98 54.37
Low(%)® - - - - 71.7 69.39

322.11 +238.53 314.67 +228.92

Ferritin (ng/mLy 479.5 + 354.3 (359) 462.7 + 338.7 (359) (168) (167) 40.02 +94.34 (537)  42.34+102.80 (533)
Deficient(%§ 1.95 1.39 6.55 2.99 32.96 30.96
TfR(mg/Lj 3.56 + 1.94 (360) 3.53 +1.90 (360) 355+2.1%B6  3.35+1.91 (165) 6.88 + 3.47 (532) 6.64 + I331)
Deficient(%§ 1.67 1.67 3.64 3.03 24.44 21.85
Elevated inflammatory markers
CRP >5 mg/L (%) 8.9 - 16.2 - 28.5 -
AGP >1 g/L (%) 8.6 - 16.1 - 47.0 -

*Hb, serum hemoglobin; TfR, plasma soluble transfeeceptor; CRP, plasma C-reactive protein; AG&smaos-acid glycoprotein.

2Adjusted for inflammation by using group specifarrection factors estimated from ratios of meditamghe various iron indicators
%Values are Mean = SD (n)

“Adverse event for maternal Hb was defined as <gm0,83low <12 g/dL,37abnormal ferritin <15 ng/mL, abnormal TfR>8.3 mg/L

83 7
®Adverse event for infant Hb is <13 g/dL from 1-21<d0.5 g/dL 22-35 d, <9.4g/dL from 36-56 d, <1§/8L>56 d.  Low infant Hb was defined as <10.5 g/dﬁ.
Abnormal infant TfR >8.3 mg/L and ferritin <12 nd/m
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Table 4.3 Linear regression models showing the effects of change in materivah status on change in infant iron status
outcomes (log transferrin receptors, hemoglobin, log ferritin) from 2/6 to 24 weks, adjusted and unadjusted for

inflammation 2
Log TfR (n=513) Hb (n=496) Log Ferritin (n=518)

B 95% ClI p-value B 95% CI p-value B 95% CI p-value
Inflammation Adjusted
Change in maternal
value 0.18 [0.06, 0.29] <0.001 0.13 [0.03, 0.23] 010. 0.06 [-0.06, 0.17] 0.34
Infant initial value -0.66 [-0.72, -0.60] <0.001 -0.89 [-0.94, -0.83] .6@L -0.92 [-1.01, -0.83] <0.001
Maternal initial value 0.23 [0.14, 0.33] <0.001 0.1 [0.02, 0.18] 0.02 0.03 [-0.08, 0.14] 0.61
Infant birthweight -0.23 [-0.32, -0.14] <0.001 0.46 [0.22,0.70] <@00 0.34 [0.13, 0.56] <0.001
mARV? -0.01 [-0.10, -0.09] 0.85 0.1 [-0.14, 0.34] 0.41 1D. [-0.08, 0.35] 0.22
iARV?® 0.03 [-0.05, 0.12] 0.43 -0.11 [-0.35, 0.12] 0.34 0.1- [-0.30, 0.11] 0.35
Initial measure at 6 wk ¢ 51 [0.13, 0.28] <0.001  0.32 [0.05, 0.59] 0.02 0.1 [-0.06,0.31] 0.18
Female gender -0.19 [-0.26, -0.12] <0.001 0.15 0p00.34] 0.11 0.45 [0.28, 0.62] <0.001
Inflammation unadjusted
Change in maternal
value 0.18 [0.06, 0.29] 0.002 0.13 [-.03,0.23] 10.0 0.06 [-1.01, -0.83] 0.34
Infant initial value -0.66 [-0.72, -0.60] <0.001 -0.89 [-0.94, -0.83] .6@L -0.92 [-0.08, 0.14] <0.001
Maternal initial value 0.23 [0.14,0.33] <0.001 0.10 [0.02, 0.18] 0.02 30.0 [0.13, 0.56] 0.61
Infant birthweight -0.23 [-0.32, -0.14] <0.001 0.46 [0.22,0.70] <@00 0.34 [-0.08, 0.35] 0.00
mARV? -0.01 [-0.10, 0.09] 0.85 0.10 [-0.14, 0.34] 0.41 140. [-0.30, 0.11] 0.22
iARV?® 0.03 [-0.05, 0.12] 0.43 -0.11 [-0.35, 0.12] 0.34 1@ [-0.06, 0.31] 0.35
Initial measure at 6 wk 0.21 [0.13,0.28] <0.001 0.32 [-0.05, 0.59] 0.02 130. [0.28, 0.62] 0.18
Female gender -0.19 [-0.26,-0.12] <0.001 0.15 [-0.04, 0.34] 0.11 0.45 [-0.19, 1.68] <0.001

'LNS arm was not included in the model to isolateeffects of maternal iron status independentusfyssupplement
Hb, serum hemoglobin; TfR, plasma soluble transfeeceptor; CRP, plasma C-reactive protein; AG&smaos-acid glycoprotein.
SmARV(maternal ARV), iARV (infant ARV)
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Table 4.4 Associations between the BAN study interventions and materrahd infant Hb, TfR and ferritin outcomes in MaMi

subsamplé
Initial measurement 24 weeks
2 weeks 6 weeks

Coef. 95% CI p-value Coef. 95% ClI p-value Coef. 95% CI p-value
MOTHER
Hb (g/dL) n=360 n=170 n=534
mLNS -0.03 [-0.37, 0.30] 0.85 -0.03 [-0.43, 0.36] 0.88 -0.01 [-0.20, 0.19] 0.94
mARV -0.01 [-0.38, 0.35] 0.94 -0.72 [-1.13, -0.32] 0.001 -0.02 [-0.23, 0.19] 0.86
Log Ferritin (ng/mL) n=362 n=170 n=536
mMLNS -0.06 [-0.25, 0.13] 0.53 0.09 [-0.20, 0.37] .59 0.04 [-0.10, 0.18] 0.53
mARV 0.17 [-0.03, 0.38] 0.10 -0.25 [-0.55, 0.04] .09 -0.06 [-0.21, 0.09] 0.45
Log TfR (mg/L) n=362 n=170 n=535
mMLNS 0.03 [-0.08, 0.14] 0.61 0.15 [-0.04, 0.35] 1D. 0.02 [-0.06, 0.10] 0.64
mARV -0.11 [-0.25, 0.04] 0.15 0.36 [0.15, 0.57] o 0.25 [0.15, 0.35] <0.001
MLNS*mARV 0.03 [-0.18, 0.23] 0.81 -0.27 [-0.5808] 0.08 -0.11 [-0.26, 0.03] 0.13
INFANT
Hb (g/dL) n=351 n=163 n=526
Birthweight 0.23 [-0.26, 0.72] 0.35 0.60 [0.101Q]. 0.02 0.58 [0.34,0.82] <0.001
Female 0.35 [-0.03, 0.73] 0.07 0.31 [-0.10,0.72] 0.13 0.17 [-0.02, 0.36] 0.07
mMLNS -0.25 [-0.62, 0.13] 0.20 -0.05 [-0.45, 0.34] 0.79 -0.13 [-0.32, 0.06] 0.18
mARV -0.47 [-0.94, 0.003] 0.05 -0.07 [-0.63, 0.49] 0.80 0.02 [-0.22, 0.26] 0.89
iARV -0.73 [-1.17,-0.28] 0.001 -0.36 [-0.91, 0]19 0.20 -0.21 [-0.44, 0.02] 0.07
Log Ferritin (ng/mL) n=359 n=167 n=533
Birthweight 0.19 [-0.05, 0.43] 0.12 0.17 [-0.2459] 0.41 0.36 [0.15, 0.57] 0.001
Female 0.16 [-0.02, 0.34] 0.08 0.24 [-0.10,0.57] 0.16 0.47 [0.31, 0.64] <0.001
mMLNS -0.12 [-0.30, 0.06] 0.20 -0.27 [-0.60, 0.05] 0.10 -0.21 [-0.37, -0.05] 0.01
mARV 0.03 [-0.20, 0.26] 0.79 0.15 [-0.31, 0.61] 5D. 0.17 [-0.04, 0.38] 0.11
iARV -0.04 [-0.25, 0.17] 0.71 0.26 [-0.20, 0.71] .20 -0.08 [-0.28, 0.12] 0.42
Log TfR (mg/L) n=360 n=165 n=531
Birthweight 0.02 [-0.15, 0.20] 0.78 -0.14 [-0.3R05] 0.15 -0.26 [-0.36, -0.15] <0.001
Female -0.17 [-0.31, -0.03] 0.01 -0.12 [-0.2730.0 0.12 -0.26 [-0.34, -0.18] <0.001
mLNS 0.35 [0.11, 0.59] 0.004 0.05 [-0.10, 0.19] 53. -0.01 [-0.09, 0.07] 0.87
mARV 0.23 [-0.02, 0.48] 0.08 0.04 [-0.17, 0.25] 70. 0.05 [-0.05, 0.16] 0.33
IARV 0.23 [-0.002, 0.47] 0.05 -0.03 [-0.24, 0.17] 0.76 0.05 [-0.05, 0.15] 0.36
mMLNS*mARV -0.31 [-0.65, 0.03] 0.07 - -
mMLNS*ARV -0.42 [-0.74, -0.10] 0.01 - -

Linear regression models tested for interventi@oeisitions with maternal and infant Hb and ironustautcomes. We tested for significant interaction
between mLNS and mARV/IARYV, if significant (p<0.tt)e interaction term was retained in the model. ktmoglobin; TfR, transferrin receptors; BAN,
Breastfeeding Antiretroviral and Nutrition; MaMi,&awi Mothers and Infants; mLNS, maternal LNS; mARNaternal ARV; iARV, infant ARV.
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Table 4.5 Associations between study interventions and odds of impadrenfant iron status at 24 weeks in the MaMi
subsamplé

High TfR Low Hb Low ferritin
OR 95% ClI p-value OR 95% CI p-value OR 95% ClI pseal

Initial measurement 9.16 [4.77, 17.59] <0.001 0.79[0.70, 0.89] <0.001 0.64 [0.52,0.79] <0.001
Birthweight 0.32 [0.17,0.62] <0.001 0.30 [0.1%a. <0.001 0.40 [0.24, 0.69] <0.001
mARV 1.25 [0.66, 2.36] 0.49 0.97 [0.49, 1.94] 0.94 0.79 [0.47,1.33] 0.37
iarV 1.50 [0.82, 2.75] 0.19 1.50 [0.77, 2.91] 0.24 1.29 [0.80, 2.08] 0.30
mLNS 0.95 [0.60, 1.52] 0.84 1.78 [0.87, 3.63] 0.11 1.18 [0.80, 1.75] 0.40
MLNS*mARV - 0.52 [0.20, 1.35] 0.18 -

MLNS*ARV - 0.45 [0.18, 1.14] 0.09 -

Initial measurement at 6 wk 3.50 [2.12,5.75] €0.0 0.37 [0.21, 0.64] <0.001 0.59 [0.38,0.92] 0.02
Female 0.53 [0.32, 0.86] 0.01 0.67 [0.46, 0.98] 40.0 0.44 [0.29, 0.66] <0.001

Logistic regression models tested for intervengéfacts with impaired infant iron status outcomat tested for significant interactions between mlLawg

MARV/IARYV, if significant (p<0.1) the interactiortm was retained in the model.
Ylmpaired infant iron status:Low Hb <10.5 gi(?L& low ferritin <12 ng/mL, high TfR >8.3. Hb, hemladin; TfR, transferrin receptors; BAN, Breastfaagli
Antiretroviral and Nutrition; MaMi, Malawi Motherand Infants; mLNS, maternal LNS; mARYV, maternal ARARYV, infant ARV.
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Figure 4.1 Mean maternal hemoglobin (g/dL) values according to BAN study arm&m
birth to 24 weeks

Data among BAN mothers in the longitudinal Hb sample with at least one camconother
and infant Hb measurement (n=623 in the C arm; n=338 in the MARYV arm; n=624 in the
MLNS arm; n=341 in the maternal ARV-LNS arm). mMARVLNS, maternal LN&Znmal

ARV; mLNS, maternal LNS; mARV, maternal ARV; C, control; BAN, Bréestling,
Antiretroviral and Nutrition; LNS, lipid-based nutrient supplement; ARV, amtivirtal drug.
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Figure 4.2 Infant hemoglobin (g/dL) values according to BAN study arm from birt to
24 weeks

Data among BAN infants in the longitudinal Hb sample with at least one comicoro¢her

and infant Hb measurement (n=341 in the MLNS-mARYV arm; n=338 in the mARYV arm;
n=369 in the MLNS-IARV arm; n=356 in the iIARV arm; n=255 in the mLNS arm; n=267 in
the C arm). mLNS-mARYV, maternal LNS/maternal ARV; mARV, mateARY; mLNS-

IARV, maternal LNS/infant ARV; iIARV, infant ARV; mLNS, maternal IS\IC, control.

BAN, Breastfeeding, Antiretroviral and Nutrition; LNS, lipid-based nutriempipéement;

ARV, antiretroviral drug.
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Figure 4.3 Predicted infant Hb coefficients f§ + 95% Confidence Interval) for each age
in BAN infants

Predicted Hb values (g/dL) from a longitudinal random effects model modihgela

maternal Hb to infant Hb containing a spline with a knot at 9 weeks to capture the shape of
infant Hb over time. Predicted values represent at each age the linear cmmlwhthe

maternal Hb coefficient and the maternal Hb interactions with age. The aisd&ontained
infant age (p<0.001), and infant age after 9 weeks (p<0.001), female gender (p<0.00t1), infa
birthweight (p<0.001), infant Hb at birth (p<0.001), and rate of weight gain since previous
visit (p<0.001). Interaction terms with age and age >9 wk included: infant birth Hb (p<0.001)
rate of weight gain since previous visit (p<0.001). Data from HIV-negativatgéand their
mothers with at least one concurrent mother infant Hb measurement and birth Hb were
included until 24 weeks or cessation of exclusive breastfeeding: n=341 in the MARS-m

arm; n=338 in the mARYV arm; n=369 in the mMLNS-IARV arm; n=356 in the iIARV arm;
n=255 in the mLNS arm; n=267 in the C arm. BAN, Breastfeeding, Antiretroviral and
Nutrition; mLNS-mARV, maternal LNS/maternal ARV; mARV, matera®V; mLNS-

IARV, maternal LNS/infant ARV; iARV, infant ARV; mLNS, maternal IS\IC, controlHb,
Hemoglobin; BAN, Breastfeeding Antiretoviral and Nutrition; LNS, lip@sed nutrient
supplement; ARV, antiretroviral intervention.
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Figure 4.4 Effects of LNS among women in the MaMi subsample who recieved ARV

Maternal ARV treatment was associated with higher maternal logsUigyéstive of iron
deficiency) at 6 and 24 weeks; but this adverse ARV effect was reduced if snalfeer
received LNS. Predicted maternal log TfR values (mg/L) in motheheiARYV intervention
arms from linear model of BAN study interventions maternal Hb outcomes, ARV
antiretroviral; TfR, transferrin receptors; BAN, Breastfeeding ratrbviral and Nutrition.
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Supplemental Table 4.1 Composition of daily ration (140 g) of lipid-based tient
supplements given to BAN Study mothers

Component Provides
Energy 746 kcal
Protein 20.84¢
Lipids 49.6 g
Iron 15mg
Zinc 19 mg
Phosphorus 1200 mg
Selenium 75 ug

B; (thiamin) 1.6 mg
B, (riboflavin) 1.8 mg

B; (niacin) 20 mg equiv
Bs (pyridoxine) 2.2 mg
B1; (cyanocobalamine) 2.6 ug
C (ascorbic acid) 100 mg
E (a-tocopherol) 12 mg
Folic acid 300 ug
lodine 400 ug
Potassium 1144 mg
Magnesium 124 mg
Copper 0.30 mg
Calcium 588 mg

"The supplement was produced by Nutriset in Malaunay, Franee qutriset.cor from
peanut butter, vegetable fat, dried skimmed milk, dry whey, dextrinmaltose sugar and a

mineral and vitamin complex. BAN, Breastfeeding Antiretroviral, and Nutrition
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Supplemental Table 4.2 Longitudinal random effects model with first ader
autoregressive disturbance terms showing the associations betweeatemnal Hb and
infant Hb (g/dL) in 1926 BAN mother-infant pairs in the longitudinal Hb samplé

Coef. 95% ClI p-value
Mom Hb -0.04 [-0.09,0.01] 0.15
Mom Hb*Age 0.01 [0.00,0.02] 0.002
Mom Hb*Age spline -0.02 [-0.03,-0.01] 0.004
Age 0.57 [0.43,0.71] <0.001
Age spline -0.67 [-0.86,-0.49] <0.001
Female 0.25 [0.13,0.38] <0.001
Birthweight (kg) 0.49 [0.33,0.65] <0.001
Infant birth Hb 0.73 [0.68,0.77] <0.001
Infant birth Hb*Age 0.07 [0.06,0.08] <0.001
Infant birth Hb*Age spline -0.07 [-0.07,-0.06] <0.001
Rate of weight gain (kg/wk) -0.27 [-0.40,-0.14] <0.001
Rate of weight gain*Age spline 0.34 [0.31,0.38] <0.001
Rate of weight gain*Age spline -0.15 [-0.17,-0.12] <0.001
Intercept 1.70 [0.59,2.82] 0.003

The longitudinal model contained a spline with a knot at 9 weeks to capture the shape of
infant Hb over time. BAN study interventions were tested as a potential confswamtke
effect-measure-modifiers, but were not included in the final model. DataliV-negative
infants and their mothers with at least one concurrent mother infant Hb meastLaeche

birth Hb measurement were included until 24 weeks or cessation of exclusivéelediagt
n=341 in the mLNS-mARV arm; n=338 in the mARYV arm; n=369 in the mMLNS-IARV arm;
n=356 in the IARV arm; n=255 in the mLNS arm; n=267 in the C arm. BAN, Breastfeeding,
Antiretroviral and Nutrition; mMLNS-mARYV, maternal LNS/maternal ARWARYV, maternal
ARV; mLNS-IARV, maternal LNS/infant ARV; iARV, infant ARV; mLNS, n@rnal LNS;

C, control. Hb, Hemoglobin; BAN, Breastfeeding Antiretoviral and NutritionSI.Npid-

based nutrient supplement; ARV, antiretroviral intervention.
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Supplemental Table 4.3 Longitudinal random effects model with first mler
autoregressive disturbance terms showing the associations betweefNBstudy
intervention arm and maternal Hb outcomes (g/dL) in 1765 BAN mothers from 6a 24
weeks

Coef. 95% ClI p-value
Mom Hb at 2 week 0.90 [0.88,0.93] <0.001
MLNS-mARV -0.41 [-0.54,-0.27] <0.001
mMARV -0.23 [-0.37,-0.09] 0.00
mLNS 0.00 [-0.11,0.12] 0.98
MLNS-mARV*Week 0.02 [0.01,0.03] <0.001
MLNS*Week 0.00 [-0.00,0.01] 0.62
MARV*Week 0.01 [0.00,0.02] 0.00
Week 0.01 [0.01,0.02] <0.001
Intercept 1.08 [0.77,1.40] <0.001

A Wald test for the study intervention interactions with weeks indicateghdisant effect
of the interventions over tim&¢{(3) = 42.08, p<0.001). Data from BAN mothers with at
least one maternal Hb measurement after two weeks postpartum were incki&@lin C;
n=315 in mMARV; n=573 in mMLNS; n=308 in mLNS-mARYV. mARV-LNS, maternal
LNS/maternal ARV; mLNS, maternal LNS; mARV, maternal ARV; C, coinBAN,
Breastfeeding, Antiretroviral and Nutrition; LNS, lipid-based nutrient smppht; ARV,
antiretroviral drug.
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Supplemental Table 4.4 Longitudinal random effects model with first mler
autoregressive disturbance terms showing the associations betweba BAN study
interventions and infant Hb (g/dL) outcomes in 1926 BAN infants

Coef. 95% CI p-value
Infant birth Hb 0.73 [0.68,0.77] <0.001
Birthweight 0.49 [0.34,0.65] <0.001
Female 0.26 [0.13,0.38] <0.001
Rate of wt gain/month -0.28 [-0.40,-0.15] <0.001
Age 0.72 [0.61,0.83] <0.001
Age spline -0.86 [-1.00,-0.72] <0.001
Rate*Age spline 0.34 [0.31,0.38] <0.001
Rate*Age -0.15 [-0.17,-0.12] <0.001
Birth Hb*Age spline 0.07 [0.06,0.08] <0.001
Birth Hb* Age -0.07 [-0.07,-0.06] <0.001
MLNS-mARV -0.09 [-0.42,0.23] 0.57
MARV -0.11 [-0.43,0.21] 0.49
mMLNS-iARV -0.18 [-0.50,0.14] 0.26
IARV -0.20 [-0.52,0.12] 0.22
MLNS -0.24 [-0.59,0.11] 0.18
MLNS-mARV*Age 0.01 [-0.03,0.06] 0.53
MARV*Age 0.01 [-0.03,0.05] 0.55
MLNS-iARV*Age -0.02 [-0.06,0.02] 0.43
IARV*Age -0.01 [-0.05,0.03] 0.76
mLNS*Age 0.02 [-0.02,0.07] 0.32
MLNS-mARV*Age spline -0.01 [-0.07,0.04] 0.64
mMARV*Age spline -0.01 [-0.06,0.04] 0.65
MLNS-iARV*Age spline 0.04 [-0.01,0.09] 0.11
IARV*Age spline 0.02 [-0.03,0.08] 0.38
MLNS*Age spline -0.03 [-0.09,0.03] 0.28
Intercept 1.40 [0.40,2.40] 0.01

The longitudinal model contained a spline with a knot at 9 weeks to capture the shape of
infant Hb over time. Data from HIV-negative BAN infants with at least one Hisarement
after birth were included until 24 weeks or cessation of exclusive breastfeedd#i in the
MLNS-mARYV arm; n=338 in the mARV arm; n=369 in the mMLNS-IARV arm; n=356 in the
IARV arm; n=255 in the mLNS arm; n=267 in the C arm. BAN, Breastfeeding, Aot
and Nutrition; mMLNS-mARYV, maternal LNS/maternal ARV; mARV, mateBN; mLNS-
IARV, maternal LNS/infant ARV; iARV, infant ARV; mLNS, maternal IS\IC, control. Hb,
Hemoglobin; BAN, Breastfeeding Antiretoviral and Nutrition; LNS, lip@sed nutrient
supplement; ARV, antiretroviral intervention.
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Chapter 5: Synthesis

Overview of findings
This research examined the nutritional interrelationships of the mothat-thyfad in
HIV-infected Malawian women and their exclusively breastfed infants. W dega from a
large clinical trial, the Breastfeeding, Antiretrovirals and NutritiBAN) Study

(www.thebanstudy.olgwhich was based in Lilongwe, Malawi, and a sub-study of BAN, the

Malawi Mothers and Infants (MaMi) Study. Data for this study was obtainedgitime
screening visit for BAN, and at BAN visits from birth to 24 weeks postpartum,
corresponding with exclusive breastfeeding. Data for the MaMi study waseb&t 2 or 6

and 24 weeks. These datasets provided a unique opportunity to understand the nutritional
interrelationships of the mother-infant dyad during exclusive breastfeedingh®ge to
examine two important markers of maternal and infant nutritional status disngne:
anthropometry and iron status. First, we explored how maternal anthropomedrggpatt
related to infant growth. Second, we used longitudinal modeling to understand honamater
and infant Hb were related over time. Finally, we used linear models to umdensta
maternal and infant Hb and iron status, measured by transferrin receptoraudffe)ritin,
were related, after accounting for inflammation and infection. The folloggagon provides

a summary and synthesis of our primary findings.
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Maternal weight loss is associated with reduced length and weight gamdaughters of
HIV-infected Malawian women

We aimed to understand how maternal weight changes during lactatidaté@msto
infant growth. We hypothesized that infants of mothers losing weight would have ichpaire
growth if the mother had limited nutrient stores to mobilize. We used lingiassson
models to relate maternal weight loss to infant weight and length gain,iaglfiostinfant
anthropometry at birth, maternal BMI, and covariates. We interactedmabiBM| with
dichotomous weight loss to determine whether the effects of weight loss wairetiab
energy stores.

We found that maternal weight loss adversely influenced growth in gitiéno
mothers. This sex-specific finding was surprising, as boys are ¢jgriecaught to be more
susceptible to nutritional insults in utero and postpartURteviously sex differences in milk
production have been observed in rhesus macaques, where mothers of sons produced higher
energy and fat milk, but less milk volume compared to mothers of'gitsyvever sex
differences in milk production have not been reported in humans. Given that mothers of boys
lost marginally more weight than mothers of girls, perhaps mothers of bogdeiter able
to mobilize their nutrient stores into milk production compared to mothers of girlstéVe a
unable to test this, as we do not have measurements of milk macronutrient compaosition.
These findings suggest that further examination of how maternal weighteshahate to
breastmilk production and infant growth are warranted, especially to understanx the se

differences we observed.
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Maternal hemoglobin and transferrin receptors are associated with infanvalues
during exclusive breastfeeding

We aimed to understand how maternal hemoglobin (Hb) and iron status [ferritin and
transferrin receptors (TfR)] related to infant Hb longitudinally throughwrciusive
breastfeeding. In a larger sample of BAN mother-infant pairs we usedudimgik regression
models to relate maternal Hb to concurrently measured infant Hb, after togtiot
covariates including infant birthweight, rate of weight gain, gender, and idfaat birth.

We modeled infant age with a spline at nine weeks of age in order to capture the aon-line
trend of infant Hb over time. We tested and observed significant age interadtions w
maternal Hb as well as the covariates rate of weight gain and infant Hthat bir

We found that maternal Hb predicted infant Hb between 6 and 18 weeks postpartum,
providing further evidence of the strong influence of maternal Hb on infant Hb oweerTo
provide contextual background for our primary analysis, we also examined folatisssci
between the BAN study interventions and maternal and infant Hb over time. Though, we
observed that LNS had no main effects on maternal Hb over time, the ARVs had negjative
not sustained effects on maternal Hb over time. We observed no intervention effects on
infant Hb over time, which has been shown elsewfiere.

In a subsample of BAN mother-infant pairs, the MaMi subsample, we aimed to
evaluate how maternal iron status (TfR and ferritin) and Hb related to infaresvdliring
exclusive breastfeeding after accounting for infection and inflammatiag osiltiple iron
status indicators. Ferritin and TfR in particular allow for estimate®nofstores and tissue
iron depletion, reppectively. We used linear regression models to relate chamaterinal

Hb and iron status from initial measurement to 24 weeks to change in infant value,
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controlling for initial maternal and infant value, infant birthweight, infant geaddrwhether
the measurement was obtained at 2 or 6 weeks postpartum.

We found that changes in maternal Hb and TfR were associated with changatin infa
value, but found no association between maternal and infant ferritin from initialreezent
to 24 weeks. The relationship we observed with maternal and infant Hb, further stipports
findings we observed earlier in the larger BAN sample. Though we observed natassoc
between maternal and infant ferritin, we observed that maternal and infaneféRelated,
suggesting that mothers with depleted iron stores, which manifest as éuciéRslevels,
may have impaired breastmilk iron levels which may adversely affecttimbn status.
Finally, we evaluated whether adjusting for inflammation and infection in ouremotfant
iron status and Hb models affects our findings in a sensitivity analysis angezbser
marked differences in effects. Together these findings in a largeesafAN infants and
the MaMi subsample provide evidence that maternal iron status may influentaroria
status postpartum independent of the maternal influence on infant’s iron endowmeht at bir

Limitations and Strengths

There are several limitations to this study. First, there was muadttipbter
selection bias, especially for the analyses with the MaMi subsampliditioa, the study
requirements for participation were quite rigorous, including many long stsids, many
guestionnaires, blood draws and study demands; hence there was attrition. In addition, we
excluded HIV-infected infants from analyses due to differences in gramd nutrient
dynamics during this time. We also excluded infants after cessation ofiegclus
breastfeeding, as the mother was no longer the sole soure of nutrition for heggrdamt

at that time. For example, there were 2,363 HIV uninfected infants at birth wghtvesid
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length data, and the sample decreased to 1,754 by 24 weeks postpartum. As such we assesse
for selection bias in all of our analyses. Generally, we found that mothers and infant
included in the analyses were healthier than randomized mother-infagtvgaich may have
been due to excluding HIV-infected and weaned infants. Second, our results may not be
generalizable to HIV infected infants or HIV unexposed infants. Based on previeasale,
we suspect our growth results will be generalizable to HIV unexposed iAtdmsever, we
do not have a comparison group of HIV unexposed infants. Additionally, our sample of
mothers and infants was quite healthy relative to other Malawians, anchasusdimdings
may not be generalizable to other HIV exposed infants who did not have the consistent
follow-up and health-care provided by BAN.

Another important consideration is whether mothers were truly exclusively
breastfeeding. Because the BAN study counseled women to exclusivelydaeést 6
months, the social desirability bias may have provoked women to report that tleestile
exclusively breastfeeding, when in fact they had introduced complementals. 1f infants
were receiving other foods, the mother is no longer the sole supplier of nutrition toanér inf
hence maternal supply will no longer be exclusively related to infant demand, and our
findings may be biased. We conducted a sensitivity analysis to determinedimgclveaned
infants changed our findings. For the weight change analysis, we inclededavinfants
and observed marked differences in primary associations between mateghallegs and
infant growth. For the Hb analysis, we included 378 more mother-infant Hb observations and
observed that the marginally stronger primary effects of maternal Hifaom Hb.

With the success of programs focused on preventing mother-to-child transmission of

HIV, HIV-exposed-uninfected (HIV-EU) infants are a growing population thay be at
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increased risk of morbidity and mortality compared to HIV unexposed infants. Thys stud
took a novel approach to determine the relationships of maternal and infant nutriatusal s
during exclusive breastfeeding in HIV-EU infants. We believe this is thesfirdy to
examine infant iron status longitudinally during exclusive breastfeedinguatng for
maternal iron status.

This research provides evidence that maternal nutritional status is inbjolontiag
exclusive breastfeeding. Our findings regarding early growth of HIVi&hts, in
particular, may be generalizable to HIV unexposed infants, as therieisvVitience that the
growth of HIV-EU differs from HIV unexposed infarftsUltimately, our findings provide
guidance for designing interventions to optimize both maternal and infant nutrgiatves
and health during pregnancy and lactation.

Significance and public health impact

This study applies a novel framework to explore the dynamic interrelaitisns
between maternal and infant nutritional status during exclusive breastfeediladgiwian
mother-infant dyads. This study in particular adds to our understanding of growtbrand
status dynamics of HIV-EU infants, an understudied population. Even though thisli@ésearc
in the context of HIV, our methods and findings may be applicable to non-infected
populations.

There is limited understanding of how maternal weight changes shape iofatit gr
during lactation. We utilized an innovative modeling approach to explore the complex
relationships of maternal weight changes and how they affect infanthgrproviding
evidence of feedback loops between the mother and infant, to be examined in futuch resea

and also highlighting significant gender differences. The current literatggests that
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maternal iron status is not an important determinant of infant iron status duringiexc
breastfeeding; our study provides evidence that this is not the case andhoitarssight
into mother-infant iron status dynamics during this time. This is one of thetfidies to
examine infant iron status and Hb throughout exclusive breastfeeding, angdonti
concurrently measured maternal iron status and other important determinarasitofanf
status. We observed that maternal Hb and TfR are associated with infanj pedu&bng
evidence that maternal iron status does, in fact, influence breastmilk irtsdede
potentially infant status.

The WHO HIV and infant feeding guidelines were recently updated and recamme
exclusive breastfeeding for six months, followed by continued breastfeeding to I#&smont
along with provision of antiretroviral medications to the mother or the iff&hThese new
recommendations pose additional demands on maternal nutritional status in addition to
elevated energy needs resulting from HIV infection. Given these recomnoasdatd our
findings, it is important to monitor maternal nutritional status during this timeder ¢o
ensure optimal maternal health so that she may produce optimal breastmilkgooviierg
infant.

In summary, this research provides evidence that maternal nutritionalistatus
important determinant of infant status during exclusive breastfeeding. flindiags
highlight that intervention targeting should focus on not only the infant, but the mother as
well.

Direction for future research
The BAN and MaMi studies provided us with a novel unique opportunity to examine

how maternal and infant nutrition were interrelated and interdependent duringiescl
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breastfeeding in the context of HIV. In our study, we observed that materngat Voss is
associated with reduced weight and length gain in girls. Building on Haaneh, future
studies to examine the complexities of the feedback loops between mothers asdnefant
warranted. Moreover, further research to understand the sex differences wedbSee
such study could include measurement of energy and protein content of breastmilk in
mothers of boys and girls to determine if the differences observed in rhesaguas also
occur in human&’ We also observed that maternal Hb and TfR were associated with infant
values during exclusive breastfeeding. Further analyses of thesensgis are needed,
especially to include additional measures of iron status markers such aompogghyrin,
as well as examining different methods to adjust and account for inflammatiare Fut
research should also include longitudinal assessment of breastmilk iron content to orde
understand if changes in maternal iron status influence breastmilk iromt;@mte then
subsequently influence infant iron status.

Further research applying a mother-infant dyad approach is urgently needed and
methodological approaches to understand these relationships need to be developed For ust
be able to thoroughly understand these relationships, methods that allow us to understand
how separate and shared influences of maternal and infant nutritional dettthase
relationships and methods that allow for incorporation of feedback loops are essential.

Given the importance of maternal nutrition we observed, future research should be
conducted in HIV infected and uninfected populations in both resource rich and resource
poor settings to further understand these relationships and to determine wWiesthard
differences depending on disease status as well as setting. Incorpofatiaternal diet as

well as maternal and infant morbidity into analyses would is also desieaieese factors
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may influence the associations we observed. Finally, including measurnedeshal
nutritional status during pregnancy may provide further insight into these complex

relationships.

75



References

1. Chasela CS, Hudgens MG, Jamieson DJ, et al. Maternal or infant antiretrovisaladrug
reduce HIV-1 transmissioN Engl J Med2010;362(24):2271-2281.
10.1056/NEJM0a0911486.

2. Pickler RH. Understanding, promoting, and measuring the effects of mother-infant
attachment during infant feeding Obstet Gynecol Neonatal Nu2009;38(4):468-469.
10.1111/j.1552-6909.2009.01043.x.

3. Tronick E, Reck C. Infants of depressed motheasv Rev Psychiatry2009;17(2):147-
156. 10.1080/10673220902899714.

4. Fomon SJ. Assessment of growth of formula-fed infants: Evolutionary considerati
Pediatrics 2004;113(2):389-393.

5. Dugdale AE. Evolution and infant feedirngincet 1986;1(8482):670-673.

6. World Health Organization, ed/orldwide Prevalence of Anaemia 1993-2005 : WHO
Global Database on Anaemi@eneva, Switzerland: WHO Press; 2008. Bruno de Benoist,
Erin McLean, Ines Egli and Mary Cogswell, ed. ; No. 1.

7. Munoz C, Rios E, Olivos J, Brunser O, Olivares M. Iron, copper and immunocompetence.
Br J Nutr. 2007;98 Suppl 1:5S24-8. 10.1017/S0007114507833046.

8. Rasmussen KM. The influence of maternal nutrition on lactakionu Rev Nutr
1992:12:103-117. 10.1146/annurev.nu.12.070192.000535.

9. Dewey KG. Effects of maternal caloric restriction and exercise dlaatation.J Nutr.
1998;128(2 Suppl):386S-389S.

10. Kuzawa CW, Adair LS. A supply-demand model of fetal energy sufficiency prédidts
profiles in male but not female filipino adolescemiar J Clin Nutr 2004;58(3):438-448.
10.1038/sj.ejcn.1601826.

11. Kuzawa CW. Modeling fetal adaptation to nutrient restriction: Testing thefems
hypothesis with a supply-demand modeNutr. 2004;134(1):194-200.

12. Butte NF, Hopkinson JM. Body composition changes during lactation are highly variable
among womenJ Nutr. 1998;128(2 Suppl):381S-385S.

13. Murnane PM, Arpadi SM, Sinkala M, et al. Lactation-associated postpartuit weig

changes among HIV-infected women in zamhbiaJ Epidemiol 2010;39(5):1299-1310.
10.1093/ije/dyg065.

76



14. Gartner LM, Morton J, Lawrence RA, et al. Breastfeeding and the use ofi imitka
Pediatrics 2005;115(2):496-506. 10.1542/peds.2004-2491.

15. Winkvist A, Jalil F, Habicht JP, Rasmussen KM. Maternal energy deplstinrifered
among malnourished women in punjab, pakisiadutr. 1994;124(12):2376-2385.

16. Adair LS, Popkin BM. Prolonged lactation contributes to depletion of maternayenerg
reserves in filipino womenl Nutr. 1992;122(8):1643-1655.

17. Quandt S. Variability of maternal body composition during lactationJ Phys
Anthropol 1981;54(2):265-265.

18. Winkvist A, Rasmussen KM. Impact of lactation on maternal body weight and body
composition.J Mammary Gland Biol Neoplasia999;4(3):309-318.

19. Rogers IS, Golding J, Emmett PM. The effects of lactation on the mB#rsr Hum
Dev. 1997;49 Suppl:S191-203.

20. Brown KH, Akhtar NA, Robertson AD, Ahmed MG. Lactational capacity of marginall
nourished mothers: Relationships between maternal nutritional status and qumhtity a
proximate composition of milkPediatrics 1986;78(5):909-919.

21. Mbuya MN, Humphrey JH, Majo F, et al. Heat treatment of expressed brikaist ani
feasible option for feeding HIV-exposed, uninfected children after 6 months of agalin r
zimbabwe.J Nutr. 2010;140(8):1481-1488. 10.3945/jn.110.122457.

22. Israel-Ballard KA, Abrams BF, Coutsoudis A, Sibeko LN, Cheryk LA, Chantry CJ.
Vitamin content of breast milk from HIV-1-infected mothers before and aft&n-fi@at
treatmentJ Acquir Immune Defic Synd2008;48(4):444-449.
10.1097/QAI.0b013e31817beb8d.

23. Trahms CM. Nutrition during infancy. In: Mahan LK, Escott-Stump S, Km@sise's
Food, Nutrition and Diet TherapyL1th edition ed. Philadelphia, Pennsylvania: Saunders;
2004:214.

24. Nommsen-Rivers LA, Dewey KG. Growth of breastfed infaBitsastfeed Med2009;4
Suppl 1:5S45-9. 10.1089/bfm.2009.0048.

25. Isanaka S, Duggan C, Fawzi WW. Patterns of postnatal growth in HIV-infected\and H
exposed childrerNutr Rev 2009;67(6):343-359. 10.1111/.1753-4887.2009.00207 .x.

26. Kusin JA, Kardjati S, edMaternal and Child Nutrition in Madura, Indonesia.
Amsterdam, the Netherlands: Royal Tropical Institute (KIT); 1994.

27. Novotny R, Haas JD. Maternal anthropometry and infant growth with exclusive breast
feeding in la paz, bolivial Trop Pediatr 1987;33(6):309-314.

77



28. Delgado HL, Valverde VE, Martorell R, Klein RE. Relationship of maternal and infant
nutrition to infant growthEarly Hum Dev1982;6(3):273-286.

29. Wohlleb JC, Pollitt E, Mueller WH, Bigelow R. The bacon chow study: Maternal
supplementation and infant growtbarly Hum Dev1983;9(1):79-91.

30. Villamor E, Saathoff E, Bosch RJ, et al. Vitamin supplementation of HIV-irfecte
women improves postnatal child growAm J Clin Nutr 2005;81(4):880-888.

31. Fawzi WW, Msamanga GI, Spiegelman D, et al. Randomised trial of effestaroin
supplements on pregnancy outcomes and T cell counts in HIV-1-infected women inaganzani
Lancet 1998;351(9114):1477-1482.

32. Flax VL, Bentley ME, Chasela CS, et al. Use of lipid-based nutrient suppkele
HIV-infected malawian women during lactation has no effect on infant growth ® to 24
weeks.J Nutr. 2012. 10.3945/jn.111.155598.

33. Dewey KG, Chaparro CM. Session 4: Mineral metabolism and body composition iron
status of breast-fed infanf8roc Nutr Soc2007;66(3):412-422.
10.1017/S002966510700568X.

34. Miller MF, Humphrey JH, lliff PJ, et al. Neonatal erythropoiesis and subseqeniaa
in HIV-positive and HIV-negative zimbabwean babies during the first yelgeoA
longitudinal studyBMC Infect Dis 2006;6:1. 10.1186/1471-2334-6-1.

35. Allen LH. Multiple micronutrients in pregnancy and lactation: An overviaw.J Clin
Nutr. 2005;81(5):1206S-1212S.

36. Mehta S, Manji KP, Young AM, et al. Nutritional indicators of adverse pregnancy
outcomes and mother-to-child transmission of HIV among HIV-infected wofmerd Clin
Nutr. 2008;87(6):1639-1649.

37. Papathakis PC, Rollins NC, Chantry CJ, Bennish ML, Brown KH. Micronutrient status
during lactation in HIV-infected and HIV-uninfected south african women durinfirgt&
mo after deliveryAm J Clin Nutr 2007;85(1):182-192.

38. National Statistical Office (NSO) [Malawi], and ORC Madvialawi Demographic and
Health Survey 2004 alverton, Maryland: NSO and ORC Macro; 2005.

39. Flax VL.Caregiver behaviors and attitudes in the home use of lipid-based nutrient
supplements for treating underweight children in Maljf2bctorate]. University of
Tampere; 2010.

40. The World Bank. Malawi: Data. .
http://data.worldbank.org.libproxy.lib.unc.edu/country/maldwpdated 2011. Accessed
1/15, 2011.

78



41. Bentley ME, Corneli AL, Piwoz E, et al. Perceptions of the role of maternaiomitnt
HIV-positive breast-feeding women in maladiNutr. 2005;135(4):945-949.

42. Corneli AL, Piwoz EG, Bentley ME, et al. Involving communities in the design of
clinical trial protocols: The BAN study in lilongwe, mala@ontemp Clin Trials
2007;28(1):59-67. 10.1016/j.cct.2006.08.003.

43. Ferguson YO, Eng E, Bentley M, et al. Evaluating nurses' implementation ofran infa
feeding counseling protocol for HIV-infected mothers: The ban study in lilongwawmna
AIDS Educ Prev2009;21(2):141-155. 10.1521/aeap.2009.21.2.141.

44. Daly SE, Hartmann PE. Infant demand and milk supply. part 1: Infant demand and milk
production in lactating womed.Hum Lact 1995;11(1):21-26.

45. World Health OrganizatioGuidelines on HIV and Infant Feeding: Principles and
Recommendations for Infant Feeding in the Context of HIV and a Summary of Evidence.
Geneva, Switzerland: WHO Press; 2010.

46. World Health OrganizatiotNutrient Requirements for People Living with HIV/AIDS :
Report of a Technical ConsultatiocBeneva, Switzerland: WHO Press; 2003.

47. Kulkarni B, Shatrugna V, Nagalla B, Rani KU. Regional body composition changes
during lactation in indian women from the low-income group and their relationship to the
growth of their infants] Am Coll Nutr 2011;30(1):57-62.

48. Gewa CA, Oguttu M, Yandell NS. Maternal nutrition in rural kenya: Health anoksoci
demographic determinants and its association with child nutridatern Child Nutr 2011.
10.1111/5.1740-8709.2011.00322.x; 10.1111/j.1740-8709.2011.00322.x.

49. Kayira D, Bentley ME, Wiener J, et al. A lipid-based nutrient supplementtesig
weight loss among HIV-infected women in a factorial randomized trial to prevether-to-
child transmission during exclusive breastfeedarm.J Clin Nutr 2012.
10.3945/ajcn.111.018812.

50. Alam DS, Van Raaij JM, Hautvast JG, Yunus M, Fuchs GJ. Energy stress during
pregnancy and lactation: Consequences for maternal nutrition in rural bahgkuate3 Clin
Nutr. 2003;57(1):151-156. 10.1038/sj.ejcn.1601514.

51. van der Horst C, Chasela C, Ahmed Y, et al. Modifications of a large HIV prevention
clinical trial to fit changing realities: A case study of the breadifey, antiretroviral, and
nutrition (BAN) protocol in lilongwe, malawiContemp Clin Trials2009;30(1):24-33.
10.1016/j.cct.2008.09.001.

52. World Health Organization, e@uidelines on Co-Trimoxazole Prophylaxis for HIV-
Related Infections among Children, Adolescents and Adults: Recommendations for Public
Health ApproachGeneva, Switzerland: World Health Organization; 2006.

79



53. World Health Organization, ed/HO HIV and Infant Feeding Technical Consultation
Consensus Stateme@teneva, Switzerland: World Health Organization; 2006.

54. Cogill B, edAnthropometric Indicators Measurement Guitashington, D.C.: Food
and Nutrition Technical Assistance Project, Academy for Educational @aweht; 2003.

55. Hartikainen H, Maleta K, Kulmala T, Ashorn P. Seasonality of gestatiaightigain
and foetal growth in rural malawkast Afr Med J2005;82(6):294-299.

56. Buckler JM, Green M. A comparison of the early growth of twins and singlétons.
Hum Biol 2004;31(3):311-332. 10.1080/03014460410001670120.

57. Parker ME, Tembo M, Adair L, et al. The health of HIV-exposed children aftgr earl
weaning.Matern Child Nutr 2011. 10.1111/}.1740-8709.2011.00369.x; 10.1111/j.1740-
8709.2011.00369.x.

58. Nelson SE, Rogers RR, Ziegler EE, Fomon SJ. Gain in weight and length during early
infancy.Early Hum Dev 1989;19(4):223-239.

59. Eriksson JG, Kajantie E, Osmond C, Thornburg K, Barker DJ. Boys live dangerously in
the womb Am J Hum Bial2010;22(3):330-335. 10.1002/ajhb.20995.

60. Hinde K. Richer milk for sons but more milk for daughters: Sex-biased investmiegt dur
lactation varies with maternal life history in rhesus macacgu®as] Hum Bial
2009;21(4):512-519. 10.1002/ajhb.20917.

61. Prentice A, Paul A, Prentice A, Black A, Cole T, Whitehead R. Cross-cultdfeakdifes
in lactation performance. In: Hamosh M GA, eliman Lactation 2: Maternal and
Environmental FactordNew York, NY: Plenum Press; 1986:13-44.

62. Wegzyn CM, Fredrick LM, Stubbs RO, Woodward WC, Norton M. Diarrhea associated
with lopinavir/ritonavir-based therapy: Results of a meta-analysis of 14649 hfected
participantsJ Int Assoc Physicians AIDS Care (Chi2p12. 10.1177/1545109712442984.

63. Dewey KG, Cohen RJ, Rivera LL, Brown KH. Effects of age of introduction of
complementary foods on iron status of breast-fed infants in honduma3.Clin Nutr
1998;67(5):878-884.

64. Yang Z, Lonnerdal B, Adu-Afarwuah S, et al. Prevalence and predictors of iron
deficiency in fully breastfed infants at 6 mo of age: Comparison of data fromli@sAm J
Clin Nutr. 2009;89(5):1433-1440. 10.3945/ajcn.2008.26964.

65. Eneroth H, Persson LA, El Arifeen S, Ekstrom EC. Infant anaemia is assodtated w
infection, low birthweight and iron deficiency in rural bangladégiia Paediatr
2011;100(2):220-225. 10.1111/;.1651-2227.2010.02011.x; 10.1111/;.1651-
2227.2010.02011.x.

80



66. Domellof M, Lonnerdal B, Dewey KG, Cohen RJ, Hernell O. Iron, zinc, and copper
concentrations in breast milk are independent of maternal mineral gtatusClin Nutr
2004;79(1):111-115.

67. Celada A, Busset R, Gutierrez J, Herreros V. No correlation between ir@mtation
in breast milk and maternal iron storekelv Paediatr Actal982;37(1):11-16.

68. Murray MJ, Murray AB, Murray NJ, Murray MB. The effect of iron status of reger
mothers on that of their infants at birth and 6 months, and on the concentration of fe in breast
milk. Br J Nutr. 1978;39(3):627-630.

69. El-Farrash RA, Ismail EA, Nada AS. Cord blood iron profile and breast milk
micronutrients in maternal iron deficiency anenitadiatr Blood Cancer2012;58(2):233-
238. 10.1002/pbc.23184; 10.1002/pbc.23184.

70. Yalcin SS, Baykan A, Yurdakok K, Yalcin S, Gucus Al. The factors that affecttonilk-
serum ratio for iron during early lactatiahPediatr Hematol Oncok009;31(2):85-90.
10.1097/MPH.0b013e31819146¢2.

71. Kumar A, Rai AK, Basu S, Dash D, Singh JS. Cord blood and breast milk iron status in
maternal anemidediatrics 2008;121(3):e673-7. 10.1542/peds.2007-1986.

72. Baykan A, Yalcin SS, Yurdakok K. Does maternal iron supplementation during the
lactation period affect iron status of exclusively breast-fed infanig? J Pediatr
2006;48(4):301-307.

73. Dryden-Peterson S, Shapiro RL, Hughes MD, et al. Increased risk of sdapte i
anemia following exposure to maternal HAART, botswanacquir Immune Defic Syndr
2011. 10.1097/QAIl.0b013e31820bd2b6.

74. Chavula C, Long D, Mzembe E, et al. Stopping the control arm in response to the DSMB:
Mother's choice of HIV prophylaxis during breastfeeding in the BAN st@dptemp Clin
Trials. 2012;33(1):55-59. 10.1016/j.cct.2011.10.006.

75. World Health Organizatiotron Deficiency Anemia: Assessment, Prevention and
Control. Geneve, Switzerland: World Health Organization; 2001:114.

76. Northrop-Clewes CA. Interpreting indicators of iron status during an acige pha
response--lessons from malaria and human immunodeficiency Ama<Clin Biochem
2008;45(Pt 1):18-32. 10.1258/acb.2007.007167.

77. Thurnham DI, McCabe LD, Haldar S, Wieringa FT, Northrop-Clewes CA, McCBbe G
Adjusting plasma ferritin concentrations to remove the effects of subclinfeahmation in
the assessment of iron deficiency: A meta-analysis.J Clin Nutr 2010;92(3):546-555.
10.3945/ajcn.2010.29284.

81



78. Thurnham DI, Mburu AS, Mwaniki DL, Muniu EM, Alumasa F, de Wagt A. Using
plasma acute-phase protein concentrations to interpret nutritional biomarkegsarently
healthy HIV-1-seropositive kenyan adulBs.J Nutr. 2008;100(1):174-182.
10.1017/S0007114507883012.

79. Miller MF, Stoltzfus RJ, Mbuya NV, et al. Total body iron in HIV-positive and-HIV
negative zimbabwean newborns strongly predicts anemia throughout infancypaedicted
by maternal hemoglobin concentratidnNutr. 2003;133(11):3461-3468.

80. Rios E, Lipschitz DA, Cook JD, Smith NJ. Relationship of maternal and infant ires stor
as assessed by determination of plasma ferRediatrics 1975;55(5):694-699.

81. Chaparro CM. Setting the stage for child health and development: Prevention of iron
deficiency in early infancyd Nutr. 2008;138(12):2529-2533.

82. Andersson O, Hellstrom-Westas L, Andersson D, Domellof M. Effect of dkleysus
early umbilical cord clamping on neonatal outcomes and iron status at 4 months: A
randomised controlled triaBMJ. 2011;343:d7157. 10.1136/bmj.d7157.

83. NIAID DoA, ed.DAIDS/Toxicity Tables for Grading Severity of Adult and Pediatric
Adverse Events.December 2004.

84. World Health OrganizatioAntiretroviral Drugs for Treating Pregnant Women and

Preventing HIV Infection in Infants: Recommendations for a Public Health Approach - 2010
Version.Geneva, Switzerland: WHO Press; 2010.

82



