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Introduction

Millennium Development Goal 4 (MDG4) requires that countries reduce child mortality rates by
2/3rds between 1990 and 2015 (1). To establish whether MDG4 is met, improved methods are
being developed to measure trends in child mortality, which are usually assessed by interviewing
mothers about the survival of their children (2-4). However, limited headway has been made in
addressing an important potential bias in estimates of infant and under-5 mortality rates in
populations subject to generalised HIV epidemics (2) that could lead to incorrect conclusions being
drawn on progress towards MDG4. This would arise if mortality was highest in children born to
women infected with HIV when these women are subsequently less likely to be included in surveys
because they are ill or have died. The magnitude of this bias is hard to predict because it is
determined by a set of inter-dependent relationships between fertility, mother’s age, stage of HIV
infection, chance of mother-to-child transmission and survival of infected children.

We use data on mortality rates amongst children born to both living and deceased women from a
prospective population-based cohort study in Zimbabwe to test the hypothesis that the correlation
between maternal and early child HIV infection and death can cause a bias in child mortality rate
estimates in excess of 5% and develop a mathematical model to produce estimates of the bias in
national surveys in countries with generalised epidemics.

Methods

Empirical data and data analysis methods

The data were taken from the Manicaland HIV/STD Prevention Study in eastern Zimbabwe (5). We
conducted a baseline census of households in 12 locations in a phased manner between July 1998
and February 2000. A random sample of adult household residents was recruited into an open
cohort. Second and third rounds of censuses and surveys were conducted 3 years and 5 years after
baseline, respectively. The questionnaires administered to members of the open cohort at each
round included sections on fertility histories and child survival similar to those collected in
Demographic and Health Surveys (DHS) (6). At each round, verbal autopsy interviews were
conducted with caregivers of cohort members who had died since the previous round (7), in which
data were collected on births between the date of last interview and the date of death and on child
mortality among these and earlier births.

Standard estimates (6) of infant and under-5 mortality rates were calculated for children born to
surviving women aged 15-49 years from the fertility history data collected from women interviewed
in the third round of the survey. To measure the bias in estimates arising from correlation between
maternal and early child mortality, analogous calculations were done for the children of deceased
women using the verbal autopsy interview data from rounds 2 and 3. To obtain corrected statistics
for infant and under-5 mortality rates, the estimates for children born to surviving and deceased
women were combined, adjusting for the sampling of women in the open cohort and loss-to-follow-
up amongst women who died.

Model structure and analysis

An individual-based stochastic model was created to simulate the mortality and fertility experiences
of cohorts of women born in rural Zimbabwe between 1920 and 2005 and the mortality experience
of their children. Parametric probability distributions were used to describe the relationships
between age, fertility, chance of HIV infection, time since HIV infection, HIV-related sub-fertility,
AIDS-related and background mortality rates. The life-course experiences of women were simulated
by drawing randomly from these distributions. The model outputs a dataset analogous to that
obtained in a cross-sectional survey of fertility histories. Model input settings for the rural Zimbabwe
application were based on data from the Manicaland study and national reports, and a sensitivity
analysis was performed to explore the sensitivity of model outcomes to these assumptions.

Using the data generated by the mathematical model, we produced 3 sets of time-series of infant
and under-5 mortality measurements for Zimbabwe. The first, the 'DHS analogue’, was created
using the standard DHS methods (6). These estimates were compared with reported national
estimates for Zimbabwe from the 1988, 1994, 1999 and 2005 DHS surveys to test the validity of the
model (8-11). The second, the ‘DHS continuous’ time series, estimated mortality in a similar way,
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but with estimates being calculated on a continuous basis and without censoring of child survival
times. Finally, the ‘Corrected’ time-series was calculated like the DHS continuous time-series, except
that it also included reports for women who died of AIDS before the survey. The results from the
DHS continuous and corrected time-series were compared and differences between the two series
were taken as estimates for the extent of under-estimation in mortality rates expected to occur in
routine statistics derived from cross-sectional surveys in rural Zimbabwe during the HIV epidemic.
For further model validation, the expected differences in the late 1990s/early 2000s were compared
with the empirical estimates from Manicaland.

A scenario-based sensitivity analysis was conducted to identify the main determinants of the extent
of bias. The model was used to estimate the impact of hypothetical PMTCT and adult anti-retroviral
therapy (ART) interventions on infant and under-5 mortality.

Results

Empirical quantification of bias in child mortality rates in Manicaland, Zimbabwe

The empirical estimates are summarised in Table 1. In round 3 of the Manicaland survey, complete
fertility histories with child mortality data were collected for 6,236 women aged 15-49 years, who
reported a total of 3,308 live births in the preceding 5 years. These data yielded uncorrected
estimates of infant and under-5 mortality of 45.9 and 67.1 per thousand live births, respectively. For
children born to women who were HIV positive at round 3, the infant and under-5 mortality rates
were 85.7 and 135.3 per thousand, respectively. For children born to uninfected women, the
corresponding rates were 32.3 and 46.3 per thousand.

Surviving  Deceased Under-
mothers mothers All mothers estimate
(/000) (/000) (/000) (%)
Infant mortality rate 459 146.8 48.9 6.7
Under-five mortality rate 67.1 283.8 73.7 9.8
Number of births in last 5 years’ 5325 167 5492
Number of women aged 15-49 years, 10 315 1253 -

2003-05

T In the 5 years before the most recent survey round (conducted July 2003 to August 2005)

Table 1: Empirical estimates of infant and child mortality and their under-assessment in
cross-sectional surveys due to HIV-related maternal mortality from a prospective cohort in
Manicaland, Zimbabwe, 1998-2005. The under-estimate is the difference between the
mortality rates for children born to all mothers and for children born to surviving mothers,
expressed as a percentage of the mortality rate for children born to surviving mothers.

A total of 350 female members of the cohort, who would have been aged between 15 and 49 years
at last birthday at round 3, were recorded as having died within the combined 5-year inter-survey
period. Fertility histories were available from individual and verbal autopsy interviews for 322
(89.4%) of these women, who were reported to have had 43 live births in the 5 years before the
round 3 interviews and a further 80 live births in the preceding 5 years. These children experienced
infant and under-5 mortality rates of 146.8 and 283.8 per thousand, respectively. In total, 10,315
women aged 15-49 years were enumerated in the household census in round 3. If these women
experienced similar birth rates over the previous 5 years to those from whom fertility histories were
obtained, they would have had a total of 5,325 live births. Furthermore, assuming that women who
died between the first and third rounds of the survey were lost to follow-up (due to reasons other
than death) at the same rates as women who survived, a total of 1,253 women would have died
during this period. Again, if these deceased women experienced the same birth rates as the 322 for
whom fertility histories were collected, they would have given birth to a total of 167 children.
Applying the infant and under-5 mortality rates observed in children born to surviving and deceased
women to these estimates of the numbers of babies born to surviving and deceased women during
the 5 year inter-survey period yields corrected estimates of infant and under-5 mortality of 48.9 per
thousand and 73.7 per thousand, respectively. Comparing the corrected and uncorrected statistics
indicates that the standard cross-sectional survey estimates under-state true levels of infant and
under-5 mortality by 6.7% and 9.8%, respectively, of their observed values.



Model estimates of bias over time in Zimbabwe and other selected countries in Africa

Parameterised for rural Zimbabwe, the model generates a DHS analogue time-series that is in
substantial qualitative agreement with that observed in the national DHS surveys. The 3 mortality
measures all show marked increases in mortality in the period 1990-2005, largely reversing
reductions during the 1980s (Fig. 1). Mortality is expected to decrease after 2005 due to declines in
HIV prevalence in adults since 2000 (14). In the pre-AIDS era, the DHS analogue estimates for 0-4,
5-9 and 10-14 years before the survey are in line with the continuous measurements. However, the
DHS analogous estimates from the 2005 survey for mortality in 5-9 and 10-14 years before the
survey are lower than the continuous measurement. This pattern is reflected in the DHS data for
Zimbabwe. It arises because the women who report having children during these earlier periods are
disproportionately women who are either uninfected now or who have become infected recently.
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Figure 1: Modelled trend in (A) infant, and (B) under-5 mortality, 1980-2015. Black dashed lines show mortality rates in the
absence of the HIV epidemic; black solid lines show the DHS continuous time-series; grey lines show the corrected time-
series, accounting for HIV-related deaths among women; circle points show the DHS analogue rates that would be estimated
in @ 2005 cross-sectional survey for periods 0-4, 5-9 & 10-14 years before the survey. No PMTCT intervention is included.

The corrected time-series is substantially greater than the DHS analogue and DHS continuous
measurements. The magnitude of the bias in rural Zimbabwe, from 1980-2015, together with the
empirical results from Manicaland, is shown in Figure 2. The extent of the bias grows in the wake of
the HIV epidemic — the effect is minimal before the early 1990s but exceeds 5% by the late 1990s.
The extent of the bias is greater for under-5 mortality than for infant mortality because mothers
who gave birth further into the past are more likely to have died before the interview date. The
empirical results for 1998-2005 agree well with the model, which indicates under-estimates for
infant and under-5 mortality for this period of 7.1% and 9.7%, respectively.
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Figure 2: The under-estimate in infant (black line) and under-5 (grey line) mortality, 1980-2015, predicted by the model. The
triangle and the square show, respectively, the empirical results for infant and under-5 mortality from Table 1 (the horizontal
whiskers show the period of the survey [1998-2005] and the symbol is at the midpoint [2002]). No intervention to prevent
mother-to-child transmission is included.



For the 5-year period 2005-9, the model predicts that infant mortality and under-5 mortality could
be under-estimated by 9% and 13%, respectively. Lower background childhood mortality leads to
greater biases, since the fraction of HIV-related deaths among children is higher. Higher fertility at
older ages leads to greater biases, caused by the greater number of births to late- stage infected
mothers at older ages. The impact of interventions reducing background rates of mortality for
children may be over-estimated in standard statistics compared to corrected statistics (Fig. 3a)
because the contribution of HIV, which remains at a high level despite the intervention, is under-
represented in the uncorrected statistics. In contrast, the full impact of PMTCT (and adult ART)
interventions, which directly reduce HIV-related mortality among children, will not be recorded in
standard mortality statistics (Fig 3b), since HIV-related deaths are under-counted at baseline.
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Figure 3: Estimates of the impact on infant and under-5 mortality of interventions to: (A) reduce background mortality by
30%, or (B) prevent mother-to-child transmission (PMTCT). The PMTCT intervention provides for all women after the year
2000 to access therapy that reduces the chance of mother-to-child transmission by 50%, and for 50% of women eligible for
ART after year 2003 to be treated. The bars show the relative mortality rate in 2015 (intervention scenario versus no
intervention scenario) as recorded in the DHS continuous time-series (dark grey), and the corresponding measurement for
the corrected time-series, accounting for HIV-related deaths among women (light grey).

Discussion

We used direct empirical and mathematical modelling methods to measure and evaluate the extent
of bias, due to correlation between maternal and child AIDS mortality, on levels and trends in early
child mortality statistics derived by applying standard methods to data from retrospective fertility
histories collected in household surveys. Ward and Zaba proposed an adjustment to the indirect
“children surviving / children ever born” method for estimating child mortality to account for
correlation between maternal and child mortality (12). However, as far as we are aware, the bias
resulting from the more direct approach based on fertility histories examined here has not
previously been evaluated (6).

The data from Zimbabwe are based on a relatively small sample of children born to women who
died but nevertheless provide empirical evidence that this bias can be substantial, with under-
estimation of both infant and under-5 mortality exceeding 5%, in a population in which HIV
prevalence fell from 23% to 18% over the period 1998-2005 (13) when female adult mortality was
26/1000 (with 74% of deaths being associated with HIV infection (15)) and PMTCT uptake was
minimal (16). Using a specially-developed mathematical model, we demonstrated that the bias will
vary between countries according to size and stage of HIV epidemic and level of background
mortality. Furthermore, the bias will typically be greater in estimates made for periods further
removed in time from the survey date. The model results also show how the bias will generally
increase in growing and stable epidemics, hampering comparison between countries with different
stage epidemics. Reductions in background mortality may be over-estimated, whilst the effect of
PMTCT programmes introduced in the early 2000s in reducing mortality will be substantially under-
estimated unless the bias is corrected for.

These findings show that standard infant and under-5 mortality statistics need to be corrected for
bias due to correlation between maternal and early childhood mortality in populations with
generalised HIV epidemics. This will be particularly important when measuring trends, evaluating
the impact of PMTCT programmes, or assessing progress towards MDG4.
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