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Abstract
Objectives—Assess population attributable fractions (PAFs) for late postnatal transmission
(LPT) of human immunodeficiency virus-1 (HIV-1) in a cohort of HIV-1-exposed infants.

Methods—We used data established from a risk factor analysis of LPT (negative HIV-1 results
through the 4-6 week visit, but positive assays thereafter through the 12-month visit) from a
perinatal clinical trial conducted in three sub-Saharan countries. PAFs were calculated as the
proportions of excess LPTs attributed to identified risk factors.

Results—For the cohort of 1317 infants, 206 (15.6%) had only low maternal CD4+ counts (<
200 cells/mm3), 332 (25.2%) had only high maternal plasma viral loads (VLs) (> 50 000 copies/
mL), and 81 (6.2%) had both low CD4+ counts and high VLs. Their PAFs were 26.0% [95%
confidence interval (CI), 12.0%-36.0%], 37.0% (95% CI, 22.0%-51.0%) and 16.0% (95% CI,
6.0%-25.0%), respectively.

Conclusions—Our PAF analysis illustrates the public health impact of the substantial
proportion of LPTs accounted for by high-risk women with both low CD4+ counts and high VLs.
In light of these results, access to and use of antiretroviral therapy (ART) by high-risk HIV-1-
infected pregnant women is essential. Additional strategies to reduce LPT for those not meeting
criteria for ART should be implemented.
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INTRODUCTION
In resource-limited areas where efficacious interventions to prevent mother-to-child
transmission (MTCT) of human immunodeficiency virus type-1 (HIV-1) such as
antiretroviral prophylaxis, cesarean section before labor and ruptured membranes, and
complete avoidance of breastfeeding are not universally available or feasible, the risk of
MTCT of HIV-1 remains high. It is estimated that the rate of MTCT of HIV-1 could be as
high as 42.0% in the absence of any intervention to prevent transmission 1 In 2007, an
estimated 270,000 children younger than 15 years died of AIDS, and, of those, more than
90.0% were from sub-Saharan Africa 2-3. In those most heavily-affected countries, HIV-1 is
the underlying reason for one-third of the deaths among children aged five years or
younger 4. Without antiretroviral therapy (ART), HIV disease progression in children is
particularly aggressive, with many children dying at a very young age 4-7.

In sub-Saharan Africa, prolonged breastfeeding is customary. Breast milk transmission is
one of the most important mechanisms through which MTCT of HIV-1 occurs. In an
individual patient data meta-analysis including data from more than 3,000 breastfeeding
infants of HIV-1-infected women from sub-Saharan Africa, the cumulative probability of
late postnatal transmission (LPT) at 18 months was estimated to be 9.3%, and the overall
LPT incidence rate was estimated to be 8.9 per 100 child-years of breastfeeding 1,7.

The HIV Network for Prevention Trials (HIVNET) 024 trial was a randomized clinical trial
to assess the efficacy of antibiotics to prevent chorioamnionitis-associated MTCT of HIV-1
and preterm birth in sub-Saharan Africa 8-9. A secondary analysis of risk factors for LPT
identified that lower maternal CD4+ counts and higher plasma viral loads at enrollment were
significantly associated with higher risk of LPT of HIV-110.

Although lower maternal CD4+ counts and higher maternal plasma viral loads are
significant risk factors for LPT, the public health impact of these risk factors by their
amelioration (e.g., through effective ART) has rarely been investigated. Toward this end,
this analysis aims to evaluate the public health impact, by studying the population
attributable fractions (PAFs) of LPTs (breastfeeding transmissions) attributed to low
maternal CD4+ counts and/or high maternal plasma viral loads.

Generally speaking, the PAF has been extensively used as an epidemiological parameter to
measure the public health impact attributed to being exposed to a risk factor 11-13, although
it should be cautiously interpreted in practice 14. For example, a PAF of 15% means that the
risk factor would account for 15% of the population disease incidence, and it implies that the
population disease incidence would potentially be reduced by 15% if the risk factor were
removed from the population. In this analysis, we calculated the PAFs for the identified risk
factors of LPTs, to investigate the potential public health implication of amelioration of
these risk factors in the HIVNET 024 population. These PAFs, as calculated, are directly
related to the sub-Saharan Africa population where the HIVNET 024 study was conducted.
Hence, they can be used to assess the impact of low maternal CD4+ counts and high viral
loads on breastfeeding transmission (and the potential effect of identifying and treating the
high risk group of women with low CD4+ counts and high viral loads).

METHODS
The HIVNET 024 Trial

The HIVNET 024 trial was conducted at four sites in three sub-Saharan African countries:
Blantyre and Lilongwe, Malawi; Dar es Salaam, Tanzania; and Lusaka, Zambia. Details
regarding the methods and results of this randomized trial have been published 8-9. The
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protocol, outcome measures and interview details are available at:
http://www.hptn.org/research_studies/hivnet024.asp. The study was approved by the
institutional review boards at each participating institution, and participants provided written
informed consent. All enrolled HIV-1-infected women and their infants were given
nevirapine (NVP) according to the HIVNET 012 regimen for prevention of MTCT of
HIV-1 16. Infant study visits were conducted at birth (within the first 48 hours), at four to six
weeks, and at three, six, nine, and 12 months. Information about breastfeeding and maternal
health also was collected at these visits. Each clinical site provided HIV-1 counseling
regarding the risks and benefits of breast feeding. However, replacement feeding or other
inventions to prevent breastfeeding-related transmission of HIV-1 infection were not
provided as part of the trial. ART for mothers and children was not available at the
participating clinical sites when the trial was conducted. HIV-1 RNA PCR assays and HIV-1
enzyme immunoassays (EIAs) were used to establish the HIV-1 infection status of infants in
the HIVNET 024 study. Laboratory procedures have been described previously 10.

Definitions and Study Population for This Analysis
The study population for this analysis is identical to the one established for the risk factor
analysis of LPT of HIV-1 in the HIVNET 024 population 10. Specifically, the study
population comprised live born, singleton (or first born if a multiple gestation pregnancy)
infants of HIV-1-infected women enrolled in the HIVNET 024 trial, with negative HIV-1
diagnostic assay results at birth and 4-6 weeks of age, who had subsequent HIV-1 diagnostic
testing performed, and who continued to breastfeed after six weeks of age. Infants with
positive HIV-1 RNA assays at birth were considered to have acquired HIV-1 infection in
utero. Those with a first positive assay at the six-week study visits were considered to have
acquired HIV-1 infection through perinatal/early postnatal transmission. Infants with
negative HIV-1 RNA assay results at birth and at 4-6 weeks of age, but who had positive
HIV-1 RNA test results thereafter through the 12-month visit, were considered to have
acquired HIV-1 infection during the late postnatal period (HIV-1 acquired through
breastfeeding, or LPT). HIV-1-uninfected infants were those with negative EIA results at 12
months of age, or with negative HIV-1 RNA assay results throughout follow-up.

Statistical Analysis
The outcomes of LPT of HIV-1 (through 12 months) were assessed in time-to-event
analyses. The event-time of an infected infant was determined by the midpoint between the
last negative and the first positive HIV-1 RNA assay results (subsequent to the 6-week visit
and at or before the 12-month visit) since an HIV RNA negative result at the 6-week visit,
which is the time-zero of this analysis An event-time was considered censored at the date of
the last negative HIV-1 RNA test result if the infant did not test positive at or before the 12-
month visit. Additional censoring was considered if weaning or death occurred. Discrete-
time Cox proportional hazards models 15 stratified by site were used to identify risk factors
associated with LPT of HIV-1.

To calculate PAF for a risk factor, E, the PAF was defined by

, where I was the total LPT incidence of HIV-1 during the postnatal period and I0 was the
expected LPT incidence for the reference group being unexposed to E 11-13. Unless stated
otherwise, PAFs were calculated under the Cox proportional hazards model. Their variances
were calculated by the developed methods 13. All statistical calculations and analyses were
performed using SAS version 9.1.3 on Sun OS 5.9 platform.
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RESULTS
Risk Factors for LPT of HIV-1

Among a total of 2659 women enrolled in the HIVNET 024 trial, 2292 were HIV-1-
infected. Of their infants, 1317 had negative HIV-1 diagnostic assay results at six weeks of
age, continued to breast-feed after six weeks of age, and had subsequent HIV-1 diagnostic
testing performed. For the 1317 infants who were subsequently followed during the late
postnatal period up to one year of age, 84 LPTs were observed after 6 weeks but before 12
months of age 10. Analysis based on Kaplan-Meier curves showed that the LPT rates by 6
months and 12 months were 4.1% [95% confidence interval (CI): 5.2%-5.4%] and 6.9%
(95% CI: 5.6%-8.5%), respectively. More descriptive results, such as prevalences of the risk
factors, can be found in an earlier publication 10.

For multivariate analyses, maternal characteristics at enrollment (age, education, marital
status, home electricity use, home running water use, CD4+ count, plasma viral load,
cervicovaginal fluid viral load), around the time of delivery (receipt of NVP prophylaxis),
and at 4-6 weeks postpartum (mastitis, cracked nipples), and infant characteristics
(gestational age at birth, birth weight, gender, receipt of NVP prophylaxis, oral candidiasis
at 4-6 weeks of age and infant diarrhea at 4-6 weeks of age) were incorporated 10. In the
earlier final multivariate analysis of using a backward stepwise modeling procedure, lower
maternal CD4+ counts and higher maternal plasma viral loads at enrollment were the two
factors found to be significantly associated with LPT 10. Among the infants who were at risk
of LPT in this cohort, 206 (15.6%) had low maternal CD4+ counts (defined as less than 200
cells/mm3 for the current analysis), and 332 (25.2%) had high maternal viral loads (defined
as more than 50 000 copies/mL for the current analysis). Furthermore, 29 (14.1%) LPTs
were observed among the 206 infants with low maternal CD4+ counts, whereas 49 (5.0%)
LPTs were observed among the 975 infants with higher maternal CD4+ counts (defined as
200 cells/mm3 or more for this analysis). Forty-two (12.7%) LPTs were observed among
332 infants with high maternal viral loads, whereas 37 (4.0%) LPTs were observed among
919 infants with lower maternal viral loads (defined as 50 000 copies/mL or less for this
analysis).

Population Attributable Fractions
The PAFs were estimated as 26.0% (95% CI, 11%-36.0%) for low CD4+ counts and 37.0%
(95% CI, 22.0%-51.0%) for high viral loads: 15.6% of the infants with low maternal CD4+
counts accounted for 26.0% of the total LPTs, and 25.2% of the infants with high maternal
viral loads accounted for 37.0% of the total LPTs. From a risk prevention perspective for
this cohort of infants, if the 15.6% of infants whose mothers had low CD4 counts were to
have an increase in their CD4+ counts to 200 cells/mm3 or more, the overall disease burden
of LPTs would be reduced by 26.0%, and if the 25.2% of infants whose mothers had high
viral loads were to have a decrease in their plasma viral loads to 50 000 copies/mL or less,
the overall disease burden would be reduced by 37.0% (Table 1).

PAFs might fluctuate during the late postnatal period. A person-year analysis showed that
point estimates of the LPT incidence rates were likely to be different between the first part
of the late postnatal period (six weeks to six months) and the second part of the late
postnatal period (six months to 12 months), although a larger sample size may be needed to
show whether or not the differences are statistically significant (Table 2). Similarly, the
PAFs of low maternal CD4+ counts were 32.0% and 14.0%, and the PAFs of high maternal
plasma viral loads were 22.0% and 59.0%, for these two parts of the late postnatal period,
respectively (Table 1).
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Maternal CD4+ counts and viral loads were negatively correlated, as shown in their scatter
plot with a lowess curve (bandwidth = 200) (Figure 1). This negative correlation implies that
the maternal CD4+ counts increase as the viral load decreases, and vice versa. A binary
CD4-VL factor of combined maternal CD4+ counts and viral loads was formed. In the
reference group of 1045 infants with higher maternal CD4+ counts or lower maternal viral
loads, 58 (5.5%) LPTs were observed. In the comparison group of 81 infants with low
maternal CD4+ counts and high viral loads, 16 (19.7%) LPTs were observed. Kaplan-Meier
estimates showed that the comparison group had a greater risk of LPT over time (Figure 2).

In a multivariate regression analysis including all the aforementioned candidate variables
and the combined CD4-VL factor, the combined CD4-VL factor became the sole significant
variable in the full multivariate Cox model, with a hazards ratio of 4.50 (P < 0.0001). The
final Cox model with the only CD4-VL factor showed little change in the hazards ratio.

For the CD4-VL factor, the PAF was calculated as 16.0% (95% CI, 6.0%-25.0%). That is,
although only 6.2% of the infants were in the high-risk subgroup, they disproportionally
accounted for 16.0% of the total LPTs. From a risk prevention perspective, in this high-risk
group, if the 6.2% of mothers had either increased their CD4+ counts to 200 cells/mm3 or
more, or decreased their plasma viral loads to 50,000 copies/mL or less, the total LPT
disease burden would be reduced by 16.0%. Such a reduction would be 15.0% for the first
part of the late postnatal period, and 19.0% for the second part of the late postnatal period
(Table 1).

DISCUSSION
In this large cohort of HIV-1-infected women and their infants from three sub-Saharan
African countries, low maternal CD4+ counts and high maternal viral loads were found to be
significantly associated with the LPT of HIV-1 10. The public health impact of reducing
LPTs in sub-Saharan population by effectively ameliorating these risk factors has rarely
been investigated. Our PAF assessment showed that, for the high-risk group of infants born
to HIV-1-infected mothers with low CD4+ counts and high viral loads in HIVNET 024, if
the maternal CD4+ counts increased to 200 cells/mm3 or more, or the viral loads decreased
to 50,000 copies/mL or less, the total LPT of HIV-1 would be reduced by 16.0%, although
this high-risk group only accounted for 6.2% of the study cohort. In fact, our additional
assessment shows similar PAF crude and model-based estimates.

Numerous studies have demonstrated that low maternal CD4+ absolute lymphocyte counts
and high maternal plasma viral loads are significantly associated with breast milk
transmission of HIV-1 17-23. However, what is less well characterized is the potential impact
of these factors on the overall disease burden of LPT (for example, if maternal CD4+ counts
were increased or maternal viral loads were decreased with timely and appropriate use of
effective ART). Our finding of a potential reduction of 16.0% of the overall LPT burden by
increasing maternal CD4+ counts to 200 cells/mm3 or more, or deceasing maternal viral
loads to 50 000 copies/mL or less, is similar to what was reported in a prospective cohort
study conducted in Thailand 24. In that study, with only maternal viral load being
considered, the PAFs were 21.4% for those with maternal viral loads between 31 622 and
100 000 copies/mL, and 16.2% for those with maternal viral loads above 100 000 copies/
mL.

A particular strength of our analysis is that maternal CD4+ counts and maternal viral loads
were considered jointly by the combined CD4-VL variable. This approach has two
advantages. First, even though these two risk factors were both associated with LPT, their
negative correlation would usually not allow for one to change while the other is held
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constant in a particular intervention/prevention strategy. The combined CD4-VL variable
captured the significant associations of both risk factors, with a proportion of treatment
explained (PTE) of 100% 25. Second, a high-risk group was identified to assess its PAF so
that a prevention program might be prioritized to focus on this group. For the HIVNET 024
cohort, for example, PAFs for the combined CD4-VL variable showed that a prevention
strategy could efficiently reduce a substantial proportion of total LPTs by focusing on one or
more high-risk subgroups, when resources are limited.

There are limitations of our analysis. First, the mothers who agreed to participate in
HIVNET 024 might not be representative of the entire population that a potential prevention
program would target, since they had to satisfy certain inclusion and exclusion criteria in
order to enroll into the trial. For example, social stigma or less awareness of the HIVNET
024 trial might have deterred certain women with low CD4+ counts or high viral loads from
participating in the study. Without knowing the prevalence of risk factors in the general
population, the PAFs calculated based on HIVNET 024 may not be generalizable. Secondly,
the PAF measures a potential reduction of overall LPTs by increasing maternal CD4+ counts
or decreasing maternal viral loads. It does not mean such a reduction would always be
realized. Also, weaning was considered non-informative censoring in the current analysis.
Thus, the assumption was that infants might still be at risk for LPT after weaning, which
might inflate the overall LPT risk. Finally, HIVNET 024 trial did not collect information on
other factors potentially associated with the risk of LPT, e.g., type of breast feeding
(exclusive, predominant, mixed), and there were substantial amounts of missing data for
maternal CD4+ counts and viral loads, although post-hoc sensitivity analysis assuming
several different scenarios shows little impact on the conclusions. These limitations pose
potentially serious challenges to consistent PAF estimates. As a result, PAFs calculated
based on HIVNET 024 need to be further validated.

Nevertheless, our PAF calculations have important implications for the prevention of LPT of
HIV-1. One important implication is that, when an intervention (such as effective use of
ART) is able to increase maternal CD4+ counts or lower maternal viral loads in a high-risk
subgroup, the reduction of overall disease burden of LPT of HIV-1 may be substantial, even
if this high-risk subgroup only accounts for a small proportion of the total population. The
more prevalent the high-risk group, the greater the reduction of LPT incidence that is
expected. For example, in a population with a similar high-risk group as in HIVNET 024,
the PAF could increase quickly from 47.0%, to 64.0%, and to 72.0%, if the prevalence of
the high-risk group in the overall population increased from 25.0%, to 50.0%, and to 75.0%,
respectively. Hence, providing access to and encouraging appropriate use of effective ART
should greatly reduce the LPT incidence when advanced HIV-1 disease is prevalent (as
manifested by lower CD4+ counts and higher plasma viral loads) among pregnant women.

The other important implication is that, if a high-risk subgroup consists of only a small
proportion of individuals in a population, only targeting high-risk subgroups with ART (to
increase maternal CD4+ counts and/or lower maternal viral loads) may not attain a large
reduction of LPTs of HIV-1. For the HIVNET 024 cohort, the PAF was only 16.0%,
implying that there were still a large proportion of LPTs contributed by those women with
less advanced HIV-1 disease. Therefore, additional interventions are necessary to further
lower the risk of LPT among healthier HIV-1-infected women. Such interventions (some of
proven efficacy, and others under study) could include antiretroviral prophylaxis to the
mother and/or the infant during breastfeeding, chemical or heat treatment of breast milk, and
passive or active immunization.
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Figure 1.
Scatter plot of maternal viral loads (log10 copies/ml) versus maternal CD4+ counts (cells/
mm^3)
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Figure 2.
Kaplan–Meier Estimates for Proportion of HIV–1 Uninfected Infants During the Late
Postnatal Period
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TABLE 2

Incidences of Late Postnatal Transmission of HIV-1

Late Postnatal Period* Infant-Years Incidences Incidence Rate† 95% CI†

42-182 Days 437.8 53 11.9% 8.9%, 15.6%

183-365 Days 394.8 31 7.9% 5.3%, 11.1%

CI, Confidence Interval

*
Number of days after birth

†
Based on person-year analysis
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