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Abstract
INTRODUCTION—We previously developed a multi-assay algorithm (MAA) to identify recent
HIV infection that includes the BED-Capture Enzyme Immunoassay, an avidity assay based on
the Genetic Systems HIV-1/HIV-2+O Enzyme Immunoassay, CD4 cell count, and HIV viral load.
We used this MAA to evaluate the association between recent maternal HIV infection and in utero
transmission of HIV.

METHODS—Plasma samples were collected at delivery from 2,561 HIV-infected women in the
PEPI-Malawi trial. The MAA described above was used to identify women with recent HIV
infection. Logistic regression models assessed association between recent HIV infection and in
utero HIV transmission (defined as a positive infant HIV DNA test at birth).

RESULTS—Seventy-three women were identified as recently infected using the MAA. Those
women were younger and had lower parity than women who were identified as not recently
infected using the MAA (P<0.0001 for age and parity). The frequency of in utero HIV
transmission was 17.8% among women identified as recently infected, compared to 6.7% among
women identified as not recently infected (13/73 vs. 166/2488, P=0.001). In a multivariate model,
three factors were independently associated with in utero HIV transmission: recent infection
(adjusted odds ratio [AOR]: 2.49, 95% CI: 1.30–4.78, P=0.006), log10 HIV viral load at delivery
(AOR: 2.01, 95% CI: 1.60–2.51, P<0.0001), and younger age (per 10 year increase, AOR: 0.66,
95% CI: 0.43–0.93, P=0.02).

CONCLUSIONS—Results obtained using a MAA suggest that recent maternal HIV acquisition
is strongly associated with in utero HIV transmission, independent of HIV viral load at delivery.

Keywords
HIV; incidence; multiassay algorithm; mother-to-child transmission; Malawi

INTRODUCTION
In sub-Saharan Africa, prevalence of HIV infection among young women attending
antenatal clinics often exceeds 20% [1]. Studies have shown that women who acquire HIV
infection in the post-partum period are at increased risk for post-natal mother-to-child
transmission (MTCT) of HIV [2–4]. Women are also at risk of acquiring HIV infection
during pregnancy. In a South African study, incident HIV infection was four times more
frequent in pregnant women than in non-pregnant women [5]. In that study, 3% of women
acquired HIV infection during pregnancy, testing positive approximately 24 weeks after an
initial negative test [5]. Because HIV viral loads are often very high near the time of HIV
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infection [6–7], and because high HIV viral load is one of the factors most strongly
associated with mother-to-child transmission of HIV [8–11], acquisition of HIV infection by
women shortly before the onset of pregnancy or during pregnancy is likely to be associated
with an increased risk of in utero HIV transmission.

Despite recent successes in counseling and testing in sub-Saharan Africa, some barriers exist
to achieving universal coverage. Potential barriers to wider coverage in Malawi include
structural limitations of the health care system [12]. In Malawi, women are frequently first
tested for HIV infection near the time of delivery. Without a previous HIV test result, it is
not possible to identify women who are likely to have acquired HIV infection shortly before
or during pregnancy. Women with acute (pre-seroconversion) HIV infection can be
identified at the time of delivery using methods such as pooled HIV RNA testing [13] (i.e.,
by detecting HIV RNA in samples from women who do not have detectable HIV antibody).
However, because the duration of acute HIV infection is short (e.g., 1–2 weeks), that testing
approach would only identify women who acquired HIV infection very close to the time of
testing. Even if a large number of women are tested and the incidence rate in pregnant
women is high, relatively few women with acute HIV infection are likely to be identified
using that approach. Using a pooled HIV RNA testing strategy, a study in Malawi
documented acute HIV infection in 5 (0.21%) of 2.327 women tested in the third trimester
[14], and a study in South Africa documented acute HIV infection in 4 (0.9%) of 467
women tested at the first antenatal visit [15].

Another approach to identifying women who acquired HIV infection shortly before or
during pregnancy is to test samples collected at the time of delivery using laboratory
methods developed for cross-sectional HIV incidence determination. Serologic (antibody-
based) assays have been developed for cross-sectional analysis of HIV incidence, based on
the premise that the anti-HIV antibody response matures during the course of HIV infection
[16–18]. Those assays measure different characteristics of the HIV antibody response (e.g.,
antibody avidity, titer, isotype, specificity, or the proportion of the antibody response that is
HIV-specific) [16–18]. Unfortunately, the serologic response to HIV infection is quite
variable. Some HIV-infected individuals never attain a mature HIV-antibody response; in
others, factors such as advanced HIV disease and viral suppression (natural or antiretroviral
drug-induced) can weaken the anti-HIV antibody response [19–20]. For these reasons,
individuals with long-standing HIV infection may be misclassified as recently infected using
a single serologic assay [21–23].

We previously developed a multi-assay algorithm (MAA) for determination of HIV
incidence using cross-sectional samples, as part of the HIV Prevention Trials Network
(HPTN) Network Laboratory’s HIV Incidence Initiative. This MAA uses two serologic
assays (the BED-Capture enzyme immunoassay (BED) [21] and an avidity assay based on
the Genetic Systems HIV-1/HIV-2 + O EIA [24]) as well as non-serologic biomarkers (CD4
cell count and HIV viral load) to assess HIV incidence [18, 25]. These two serologic assays
use different HIV antigens to detect and characterize antibodies. The BED assay includes
antigens from subtypes B and D, as well as CRF01_AE, while the avidity assay includes
antigens from a broader spectrum of HIV strains. These two assays also measure different
characteristics of the anti-HIV antibody response. The BED assay measures the proportion
of antibody that is HIV-specific, while the avidity assay measures the strength with which
anti-HIV antibodies bind to target antigens [21, 23–24]. Each of these assays when used
alone is known to misclassify some individuals with long-standing HIV infection as recently
infected [21–23]. Our MAA uses modified cut-offs for the BED and avidity assays (BED
result > 1 normalized optical density unit, OD-n; avidity result >80%), and combines results
from these assays with results from HIV viral load and CD4 cell count testing (see Methods)
[19, 22, 26]; this approach reduces the rate of misclassification of individuals with long-
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standing infection as recently infected [19, 22, 26]. In this study, we used the MAA to
identify Malawian women who were likely to have been infected with HIV shortly before or
during pregnancy, and evaluated the relationship between recent maternal HIV infection and
in utero HIV transmission. We hypothesized that the high HIV viral loads associated with
early HIV infection would contribute to higher levels of in utero HIV transmission.

METHODS
Source of samples that were used for analysis of mother-to-child transmission of HIV

Samples were obtained from HIV-infected women enrolled at the time of delivery in the
Post-Exposure Prophylaxis of Infants in Malawi (PEPI-Malawi) trial (conducted in 2004–
2009, NCT00115648) [27]. Approximately 70% of the women enrolled in the PEPI-Malawi
trial presented >4 hours before anticipated delivery; those women were described as early
presenters and received a single intra-partum dose of nevirapine (sdNVP) for prevention of
MTCT of HIV. In contrast, women with unknown HIV status who presented <4 hours
before anticipated delivery were described as late presenters and did not receive intra-
partum sdNVP. Infants of the enrolled women were randomized at birth to receive one of
three regimens to prevent post-natal HIV transmission, as described previously [27].
Maternal blood samples used to measure CD4 cell count and HIV viral load were collected
at delivery. In utero HIV transmission was defined as a positive infant HIV DNA test at
birth [27]. This study included 2,561 (76.8%) of the 3,335 women enrolled in the PEPI-
Malawi trial; 774 women were excluded from analysis for the following reasons: 470 had no
HIV viral load or no CD4 cell count result from the delivery visit, 33 had infants whose HIV
infection status was undetermined, 271 did not have an available sample collected at
delivery. Nine (0.35%) of the 2,561 women started antiretroviral therapy prior to delivery.

Source of samples that were used to evaluate the performance of the multi-assay
algorithm

The performance of the MAA was assessed by analyzing samples from adults with known
duration of HIV who were likely to be infected with subtype C HIV infection (individuals
enrolled in three clinical cohorts: the Hormonal Contraception and HIV Acquisition (HC-
HIV) Study [28], the Orange Farm Male Circumcision Trial (ANRS-1265) [29–30], and the
Partners in Prevention HSV/HIV Transmission Study [31]. This sample set included
samples collected from 87 individuals (58 men from South Africa [29–30] and 29 women
from Zimbabwe [28]) <180 days after a negative HIV test. Data for CD4 cell count and HIV
viral load were not available for those individuals, but were assumed to be >200 cells/mm3

and >400 copies/ml in these recently infected individuals; none of these individuals were
receiving antiretroviral drugs at the time of sample collection. The sample set also included
samples from 529 men and women in South Africa and Botswana who were known to have
been HIV-infected for at least two years [31].

Laboratory analysis of recent HIV infection
The BED assay was performed according to the manufacturer’s instructions (Calypte
Biomedical Corporation, Lake Oswego, OR, USA) [21], except that an assay cut-off of 1.0
OD-n was used to screen for recent HIV infection (rather than the standard cut-off of 0.8
OD-n). The avidity assay is a modified version of the Genetic Systems HIV-1/HIV-2 + O
EIA (enzyme linked immunoassay, Bio-Rad Laboratories, Redmond, WA). The avidity
assay was performed as previously described [19, 24], except that an assay cut-off of 80%
was used to screen for recent infection (rather than the standard cut-off of 40%). Women
were identified as recently infected using the MAA described previously [13]: BED <1.0
OD-n + avidity <80% + CD4 >200 cells/mm3 + HIV viral load >400 copies/ml (Figure 1).
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Statistical analysis
For unadjusted comparisons between groups, Fishers exact tests compared categorical
variables and Wilcoxon tests compared continuous variables. Univariate and multivariate
logistic regression models were used to obtain unadjusted and adjusted odds ratios for the
association of recent infection with in utero HIV transmission. Statistical significance was
considered for two-sided P≤0.05. All analyses were performed using SAS Software Version
9.1 (Cary, North Carolina).

Ethical considerations
Written informed consent was obtained from all women for participation in the PEPI-
Malawi trial. The PEPI-Malawi trial was approved by Institutional Review Boards in
Malawi and the U.S. as described [27], including the U.S. Centers for Disease Control and
Prevention.

RESULTS
This sub-study included 2,561 women enrolled in the PEPI-Malawi trial. There was no
significant difference in the frequency of in utero HIV transmission among the 2,561
women included in the study and the 774 women who were not included in the study (7.0%
vs. 6.2%, respectively, P=0.48, Fisher’s exact test). Fifty-four of the 2,561 women included
in the study were previously diagnosed with HIV infection in the Nevirapine and
Zidovudine (NVAZ) trial, which was conducted in 2000–2004 at the same study sites as the
PEPI-Malawi trial [32–33]. Therefore, those 54 women were known not to have recent HIV
infection when they subsequently enrolled in the PEPI-Malawi trial. The median duration of
time between their enrollment in the NVAZ trial and their subsequent enrollment in the
PEPI-Malawi trial was 4.3 years (range: 2.3–6.1 years). Overall, 179 (7.0%) of the 2,561
women had infants who were diagnosed with HIV infection at the time of birth (in utero
HIV infection).

Maternal samples collected at delivery from the 2,561 women were analyzed using the BED
and avidity assays. Results from those assays were combined with results from CD4 cell
count and HIV viral load testing to identify women with recent HIV infection (Figure 1).
The performance of the MAA in individuals likely to be infected with subtype C HIV was
evaluated by analyzing samples from individuals from subtype C endemic areas who had
known duration of infection (see Methods). In those individuals, the positive predictive
value of the MAA for identifying individuals with recent HIV infection (defined as <180
days) was 93.9%; that result can be compared to the result obtained by testing the same
sample set with the avidity assay alone using a standard assay cut-off of 40% (positive
predictive value: 90.9%), and to the result obtained by testing the same sample set with the
BED assay alone using a standard assay cut-off of 0.8 OD-n (positive predictive value:
71.7%).

Using the MAA described above, 73 (2.9%) of the 2,561 women were identified as recently
infected; the remaining 2,488 women were identified as not recently infected. All but nine of
the 2,488 women were identified as not recently infected based on results of serologic
testing (BED>1.0 OD-n and/or avidity >80%, Figure 1). Those nine women had low BED
and/or low avidity test results. Four of those nine women had CD4 cell counts <200 cells/ul
and five of those women had viral loads <400 c/ml (Figure 1). Individuals who have low
CD4 cell counts and low HIV viral loads are unlikely to be recently infected; furthermore,
those factors have been associated with misclassification of individuals with non-recent HIV
infection as recently infected using serologic HIV incidence assays [20, 34–35].
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None of the 54 women who had known non-recent HIV infection when they enrolled in the
PEPI-Malawi trial were misclassified as recently infected using the MAA (0/54 vs. 73/2507,
P=0.40, Fishers exact test). In addition, nine women (0.4% of the 2,561 women included in
this study) were receiving antiretroviral therapy at the time of enrollment into the PEPI-
Malawi trial (a co-formulated regimen of stavudine, lamivudine and nevirapine;
Triommune, Cipla, India); none of those women were identified as recently infected using
the MAA and none had an infant who was HIV-infected in utero. The median time between
antiretroviral treatment initiation and enrollment in the PEPI-Malawi trial for those nine
women was 56 days (range: 3–263, interquartile range: 25–97 days). They had a median
CD4 cell count of 180 (range: 33–701 cells/mm3, five had a CD4 cell count <200 cells/
mm3) and a median log10 HIV viral load of 2.73 (range: 2.30–4.36 copies/ml) at enrollment.

Table 1 shows demographic, clinical, and laboratory characteristics of the 73 women who
were identified as recently infected using the MAA and the 2,488 women identified as not
recently infected by the MAA. Women who were identified as recently infected using the
MAA were younger and had lower parity than the women who were identified as not
recently infected (median age: 23 vs. 26 years, P<0.0001, Wilcoxon test; median parity: two
vs. three pregnancies, P<0.0001, Wilcoxon test). Women identified as recently infected by
the MAA also had significantly higher CD4 cell counts at delivery; this is partly explained
by the fact that the MAA excludes women with CD4 cell counts below 200 cells/mm3 from
the recently infected group. There was a significant association between recent maternal
HIV infection (defined using the MAA) and in utero HIV transmission. The frequency of in
utero HIV transmission was 17.8% in the recently infected group, compared to only 6.7% in
the not recently infected group (13/73 vs. 166/2488, P=0.001, Table 1). There was no
significant association between identification of women as recently infected using the MAA
and other demographic, clinical, and laboratory variables (Table 1).

We considered the possibility that some women who were identified as not recently infected
based on CD4 cell count or HIV viral load data alone might have been misclassified; among
the 2,488 women identified as not recently infected, only nine had a BED result <1.0 OD-n
and an avidity result <80% (four with a CD4 cell count <200 cells/ul and five with a viral
load <400 copies/ml). Even if all nine of those women were included in the recently infected
group, recent infection would still have been significantly associated with an increased risk
of in utero HIV infection (P=0.0062).

Logistic regression analysis was performed to assess the association between in utero HIV
infection and identification of women as recently infected using the MAA, controlling for
other factors (Table 2). In a multivariate model (which excluded parity because it was
correlated with age), increased risk of in utero transmission was significantly associated
with recent HIV infection (as defined by the MAA, adjusted odds ratio [AOR]: 2.49, 95%
CI: 1.30–4.78, P=0.006), HIV viral load at delivery (per log10 increase, AOR: 2.01, 95% CI:
1.60–2.51, P<0.0001), and younger age (per 10 year increase, AOR: 0.66, 95% CI: 0.43–
0.93, P=0.02), but not with CD4 cell count at delivery, or other factors (Table 2).

DISCUSSION
We used a multi-assay algorithm (MAA) to identify women in the PEPI-Malawi trial who
were likely to have had recent HIV infection at the time of delivery. The frequency of in
utero HIV transmission was significantly higher among women who were identified as
recently infected using the MAA compared to women who were identified as not recently
infected (17.8% vs. 6.7%, P=0.001). The high frequency of in utero HIV transmission in
women with recent HIV infection is consistent with the dynamics of HIV infection, since
those women were likely to have been acutely infected during pregnancy. HIV viral load is
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typically very high during the acute stage of HIV infection [6–7], and high HIV viral load is
one of the factors most strongly associated with an increased risk of MTCT [8–11]. In this
study, identification of women as recently infected using the MAA and maternal HIV viral
load at delivery were independently associated with in utero HIV transmission.

The independence of HIV viral load at delivery and recent HIV infection (as defined by the
MAA) suggests that other factors associated with recent HIV infection may increase the risk
of in utero HIV transmission. This hypothesis is consistent with data from studies of
heterosexual HIV transmission. In heterosexual transmission, adults with recent HIV
infection are more likely to transmit HIV than adults with chronic (non-recent) HIV
infection [36]. This is not explained by differences in HIV viral load alone [37] and suggests
that some viral strains present early in infection may be more fit for transmission [38–39].
Adults with recent HIV infection are also more likely to have immature anti-HIV antibody
responses (e.g., low anti-HIV antibody titer or avidity, low proportion of IgG anti-HIV
antibody). During pregnancy, women who have immature anti-HIV antibody responses
might have lower proportions of antibody-associated or neutralized HIV. Previous studies
have found that women who transmit HIV to their infants in utero are less likely to have
neutralizing antibodies than are women who transmit HIV to their infants at or after delivery
[40–41]. Further studies are needed to evaluate the relative contributions of high HIV viral
load, viral transmission phenotype, and the quality or level of the HIV antibody response to
in utero HIV transmission in women with recent HIV infection.

There are some limitations of this study. Because we cannot determine the actual time of
infection for women in this study, we do not know what proportion of women who were
identified as recently infected using the MAA were infected during pregnancy, rather than in
the months preceding pregnancy. We also recognize that some women who acquired HIV
infection during pregnancy may not have been identified using the MAA, and that the MAA
may also have classified some women as recently infected who had chronic HIV infection.
Several observations from this report provide indirect evidence supporting use of the MAA.
First, the MAA identified 2.9% of the women as recently infected; that result is consistent
with findings from a South African study, where 3% of women acquired HIV infection
during pregnancy based on longitudinal HIV serological testing [5]. Second, none of 54
women with known long-standing HIV infection and none of the nine women on
antiretroviral therapy were misclassified as recently infected using the MAA. Third, women
identified as recently infected using the MAA were younger than other women in the cohort;
younger age has been associated with HIV acquisition in sub-Saharan Africa [42–43]. We
also note that BED and avidity test results are not significantly affected by pregnancy;
therefore, pregnancy is not likely to impact the performance of the MAA) [36].

This study suggests that women who acquire HIV near the onset of pregnancy or during
pregnancy have significantly higher risk of transmitting HIV to their infants in utero than do
women with chronic HIV infection. Unfortunately, identification of women with recent HIV
infection is difficult unless there is a prior history of a recent negative HIV antibody test,
because use of methods such as the MAA to detect recent HIV infection is not feasible in
large scale in resource-limited countries. In high-prevalence settings, retesting during the
third trimester of women who tested HIV-negative shortly before pregnancy or earlier in
pregnancy would allow identification of women with recent HIV infection [5]. In that subset
of women, triple antiretroviral drug prophylaxis for prevention of MTCT of HIV [1] may be
preferable given the increased risk of HIV transmission associated with recent HIV
infection. However, it is important to recognize that in utero infection might have already
occurred by the time that maternal infection would have been diagnosed using this strategy.
For these reasons, the results of our study emphasize that prevention of HIV acquisition in
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women during pregnancy is a critical step in preventing in utero HIV transmission and
reducing the global epidemic of pediatric HIV/AIDS.
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Figure 1. Use of a multi-assay algorithm (MAA) to identify women with recent HIV infection
A multi-assay algorithm (MAA) was used to identify women in the PEPI-Malawi trial who
were recently infected with HIV at the time of delivery. In the MAA, women are classified
as recently infected if they have the following test results: BED result < 1.0 optical density
units (OD-n) + avidity result < 80% + CD4 cell count > 200 cells/mm3 + HIV viral load >
400 copies/ml. The assay cut-offs used for BED and avidity assays in this MAA (1.0 OD-n
and 80%, respectively) are higher than the assay cut-offs that are typically used when each
these assays is used alone for cross-sectional incidence testing (see below). Most of the
women tested (2479/2561=96.8%) were classified as not recently infected based on results
from the BED and avidity assays; those women either had a BED assay result >1.0 (N=175),
an avidity assay result >80% (N=44) or both (N=2,260). The remaining 82 women had BED
and avidity test results below the assay cut-offs, but were classified as not recently infected
because they had either a CD4 cell count < 200 cells/mm3 (N=5) or an HIV viral load < 400
copies/ml (N=4). The remaining 73 women (2.9 % of the 2,561 women tested) were
classified as recently infected using the MAA.
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