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Abstract

Background—Measurement of mother to child HIV transmission through population-based 

surveys requires large sample sizes because of low HIV prevalence among children. We estimate 

potential improvements in sampling efficiency resulting from a targeted sample design.

Setting—Eight countries in sub-Saharan Africa with completed Population-based HIV Impact 

Assessment (PHIA) surveys as of 2017.

Methods—The PHIA surveys used a geographically stratified two-stage sample design with 

households sampled from randomly selected census enumeration areas. Children (0–14 years of 

age) were eligible for HIV testing within a random subsample of households (usually 50%). 

*Corresponding author: Address: ICAP at Columbia University, Mailman School of Public Health, 722 West 168th Street, New York, 
NY 10032, Phone: +1 (917) 385 7099, Fax: +1 (212) 342 1824, giles.reid@columbia.edu. 

Disclaimer
The findings and conclusions in this paper are those of the authors and do not necessarily represent the official position of the funding 
agencies.

HHS Public Access
Author manuscript
J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2022 August 01.

Published in final edited form as:
J Acquir Immune Defic Syndr. 2021 August 01; 87(Suppl 1): S43–S51. doi:10.1097/
QAI.0000000000002704.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Estimates of child HIV prevalence in each country were calculated using jackknife replicate 

weights. We compared sample sizes and precision achieved using this design to a two-phase 

disproportionate sample design applied to strata defined by maternal HIV status and mortality.

Results—HIV prevalence among children ranged from 0.4% (95% CI: 0.2–0.6) in Tanzania 

to 2.8% (95% CI: 2.2–3.4) in Eswatini with achieved relative standard errors (RSEs) between 

11–21%. The expected precision improved in the targeted design in all countries included in 

the analysis, with proportionate reductions in mean squared error (MSE) ranging from 27% in 

Eswatini to 61% in Tanzania, assuming an equal sample size.

Conclusions—Population-based surveys of adult HIV prevalence that also measure child HIV 

prevalence should consider targeted sampling of children to reduce required sample size, increase 

precision, and increase the number of positive children tested. The findings from the PHIA surveys 

can be used as baseline data for informing future sample designs.
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Introduction

The elimination of new HIV infections among children is a major focus of the global 

HIV response1–3. Better measurements of pediatric prevalence and the burden of HIV 

infection allow for better allocation of resources, tracking of treatment impact, and mortality 

reduction4,5. The Population HIV Impact Assessment (PHIA) household surveys carried out 

since 2015 have provided a wealth of information, including HIV prevalence and treatment 

among children. However, the sampling method used, where children were tested for HIV 

in a random subsample of the surveyed households, requires a large subsample size, because 

HIV is relatively rare among children even in countries with high adult prevalence. This 

has contributed to a longstanding dearth of population-level pediatric HIV data. Program 

planning typically relies on estimates from models based on births to HIV-infected pregnant 

women, treatments they and their infants receive, and survival estimates of these treated 

and untreated children using assumptions from national surveys and program data. These 

models have many potential sources of error: prevalence, fertility and other characteristics 

of the pregnant women; adherence and effectiveness of the treatments given; incidence of 

HIV during pregnancy and lactation; and survival curves of infected children who receive 

or do not receive treatment. Direct estimates of pediatric prevalence enable validation and 

correction of model assumptions and parameters6.

Several survey sampling methods have been developed for estimation of rare traits using 

screening to identify sub-populations with higher rates of these traits and targeting the 

sample towards these groups7,8. In many survey settings, the time, cost, and practical 

difficulties involved in the initial screening outweigh theoretical improvements in precision 

or sample size. It is also common for the gain in precision from these approaches to be 

modest because the population is not concentrated enough in identifiable sub-populations 

that can serve as the strata9. However, in PHIA surveys, maternal HIV status and maternal 

mortality is immediately available at no additional cost from the adult data collection. 
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Since pediatric HIV is predominantly vertically transmitted10, this suggests that sampling 

efficiency in national surveys that also measure HIV in adults could be increased by 

subsampling of children who are more likely to have HIV based on maternal HIV status.

In this paper, we use the results of recent PHIA surveys in eight countries in sub-Saharan 

Africa to determine whether using the HIV status of mothers to select higher-risk children 

could reduce the sample size needed to achieve a certain level of precision, compared with 

the household-level random subsampling design used in PHIA and other recent general

population HIV surveys.

Methods

Study design

PHIA surveys are designed to provide national estimates of HIV incidence and subnational 

estimates of HIV prevalence and viral load suppression to assess the HIV epidemic and the 

impact of HIV prevention and ART programs11. As well as PHIA, several other surveys 

have been carried out using similar household sampling designs12–14. These surveys have 

also enabled measurement of pediatric HIV prevalence and progress towards the goal of 

eliminating new HIV infections among children15. Sample designs were stratified in each 

country by major geographic subdivisions used in the national health system or census. 

Census Enumeration Areas (EAs) within each stratum were selected with probability 

proportional to their number of households in the most recent census. In each selected EA, 

households were enumerated by field staff, and the final systematic sample of households 

was drawn to give an equal overall probability sample of households within each stratum. 

All adults above age 15 in Tanzania and Eswatini, between 15 and 59 years of age in 

Lesotho and Zambia, and between 15 and 64 years in all other countries in the sampled 

households were selected. All children (0–14 years of age) were selected in a subsample of 

these households. This paper uses results from the PHIA surveys conducted in Zimbabwe, 

Zambia, Malawi, Eswatini, Uganda, Namibia, Lesotho, and Tanzania between 2015 and 

2017. See the PHIA project documentation for more detail about the PHIA surveys included 

in this study16–18.

In each country, the PHIA survey design included the selection of a random sub-sample of 

households for HIV testing of children. Only children in these sub-sampled households were 

eligible for blood draw and HIV testing. In Tanzania 33% of households were selected for 

testing children. In Uganda 60% of households were selected for testing of children 0–4 

years, with 34% of those households also selected for testing of children 5–14 years. In 

all other countries a 50% household sub-sample was taken. The sampling percentages were 

based on the sample size required to meet all of the country-specific sample design targets.

Study population

All resident adults over the age of 15 years, but younger than a country-specific maximum 

age, who slept in a selected household the night before the interview were eligible for both 

interview and HIV testing.

Reid et al. Page 3

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Children in the sub-sampled households who had slept in the household the night before 

the survey were eligible for HIV testing. Consent from the child’s parent or guardian was 

required before the child was tested, and for older children above a country-specific age 

(ranging from 9 to 12) assent was also needed from the children themselves.

Data collection

Household and individual questionnaires were administered using computer-assisted 

personal interviewing. The adult interview included demographics, HIV testing and 

treatment history, and questions about the respondents’ children in the household. HIV 

testing and counseling was done during the survey in private locations in or near the 

participants’ residences, using each country’s national HIV rapid testing algorithm. The test 

results were immediately returned to participants. We use these rapid tests results as the 

screening data in the analyses reported below. Further blood tests, including HIV viral load 

and confirmatory PCR HIV tests for infants under 18 months of age, were carried out in a 

laboratory using plasma samples or dried blood spots.

Analysis

Survey weights—Weights for all PHIA surveys were calculated based on the initial 

selection probabilities, adjusted for nonresponse and under coverage. Nonresponse 

adjustments used “weighting adjustment cells” defined by survey variables chosen to predict 

response and HIV status. These variables were selected using a two-step method: first, 

a Least Absolute Shrinkage and Selection Operator was used to create an initial set of 

variables most predictive of survey response, and then chi-square automatic interaction 

detection was used to build and apply a nonresponse adjustment model using these variables.

To correct for under coverage, post-stratification adjustments were made so that the sum 

of the weights in each five-year age group by gender cell matched the most recent 

available national population projections. The resulting weights were used to estimate child 

HIV prevalence. Variances, design effects, and confidence intervals were estimated using 

jackknife replicate weights in the SAS SURVEYFREQ procedure. These estimates are used 

as the basis for this paper’s extrapolations to alternative sample designs in each country.

Mother-to-child linking—During the household interview, the household head identified 

all relationships between a child (0–14 years of age) and their mother or female guardian. 

During the adult interview, mothers are asked to confirm the relationship, so for each child 

there is either a single mother identified or a response from the household head that the 

mother is not living in the household. Implausible data, such as mothers under the age of ten, 

were removed during data cleaning16.

Estimation of sample size and precision under alternative sample designs—To 

compare the performance of alternative sample designs to the PHIA design, we used the data 

collected from PHIA households about the number of children present in each household 

and the mother’s HIV status for each rostered child.
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Sampling fractions for Neyman allocation—Using the adult survey data, eligible 

children in households sampled for the PHIA survey were allocated to one of three strata 

based on maternal HIV status: 1) mother tested HIV positive or not alive; 2) mother’s HIV 

status unknown; and, 3) mother tested HIV negative. (for brevity, in the following we will 

refer to these strata as “positive/deceased”, “unknown”, and “negative”, respectively) The 

sampling fraction for the positive/deceased stratum was set to 1.0, and the proportions in 

the other strata were determined using Neyman allocation7,19. For example, for the negative 

stratum, the sampling fraction is

νnegative =
pnegative 1 − pnegative
ppositive 1 − ppositive

where the p’s are the prevalence rates in the negative and positive/deceased strata. The 

sampling fraction for the unknown stratum is calculated similarly. We adjusted the sampling 

fractions using the response rates within each maternal HIV stratum with the aim of 

achieving final respondent numbers which have the desired optimal ratios. The expected 

sample sizes in each stratum were calculated based on these sample fractions, the PHIA 

response rates, and household roster information.

Alternative designs

In addition to the Neyman allocation design (scenario 1), we analyzed two alternative 

designs. In one of these (scenario 2), we started from the Neyman allocation sampling 

fractions, set the sampling fraction for the negative stratum to zero, and adjusted the sample 

size in the unknown stratum to obtain the same total sample size. The second alternative 

(scenario 3) uses the PHIA design but with the household subsampling fraction set such that 

the sample size would be the same as scenarios 1 and 2. The equal sample sizes in the three 

scenarios allow the performance of the three alternatives to be directly compared.

We also computed the minimum sampling fraction required for the unknown stratum 

required to meet specific relative standard error (RSE) targets for each country, assuming 

that all children in the positive/deceased stratum were eligible. These results indicate the 

potential sample size reduction that could be achieved in the alternative design for a fixed 

precision.

Variance estimation

To estimate the variance of prevalence estimates in each alternative design we used PHIA 

estimates for prevalence within each maternal HIV status stratum and sample sizes for 

each design calculated in the previous step. First, the variance of the prevalence estimate 

was computed assuming simple random sampling within each stratum, using the following 

approximation for a two-phase disproportionate stratified design:

v p ≈ ∑
wℎ

2pℎ 1 − pℎ
nℎ

+ 1
n′ ∑wℎ pℎ − p 2

Reid et al. Page 5

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



where wh, ph, and nh are the sample proportion, estimated prevalence rate, and sample 

size in stratum h respectively, n' is the total sample size, and p is the estimated total 

population child prevalence rate. The first sum relates to the variances in each stratum, 

and the second sum accounts for the variability in the stratum proportions caused by the 

household sampling.

To account for the effects of geographic clustering of children and weighting adjustments, 

we multiplied this variance by the achieved design effect for HIV prevalence among 0–14 

year olds in the PHIA survey. This is an approximation but is adequate for our needs. For 

example, if the alternative design is much larger than the original child sample, the design 

effect may also be expected to be somewhat larger due to the greater clustering design effect 

arising from the increased average subsample size per primary sampling unit. However, the 

clustering design effect is limited because the intraclass correlation from HIV clustering by 

PSU is small.

Bias estimation and root mean squared error

In the design with no sample from the negative stratum, the assumption that the HIV 

prevalence among those children is zero introduces a bias. We estimated this bias using the 

overall weighted prevalence for this group from the combined data from all eight countries 

(0.05%) multiplied by the fraction of children with negative mothers.

This design has a lower total variance because the variance contribution from this stratum 

becomes zero, but the bias must be considered in comparing the overall accuracy to the other 

designs. We use the Root Mean Squared Error (RMSE) of the prevalence,

RMSE = Bias2 + Variance

and the relative RMSE (RRMSE), which is the RMSE divided by the estimated prevalence. 

For the Neyman allocation and PHIA designs we assume the bias is zero.

Results

HIV prevalence and achieved precision

For the PHIA subsampled household designs in each country, Table 1 summarizes the 

number of eligible children 0–14 years of age identified in responding households, the 

number who consented to blood draws and home-based HIV testing and counseling, 

overall response rates, and HIV prevalence rates by maternal HIV status. Overall, in the 

49,649 households selected for child testing across the eight countries, we identified 69,237 

eligible children, of whom 55,273 underwent blood draw and home-based HIV testing 

and counseling after a parent or guardian provided their consent. The overall unweighted 

response rate was 80%, ranging from 62% in Malawi to 96% in Uganda. Combining the data 

from all eight countries, there were 665 HIV positive children and the overall weighted HIV 

prevalence was 0.8% (95% CI: 0.7–0.9). HIV prevalence ranged from 0.4% in Tanzania to 

2.8% in Eswatini. The RSEs varied by country from 11% in Eswatini and Zambia to just 

over 20% in Uganda and Tanzania.
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Maternal HIV status

Overall, 57% of eligible children had an HIV-negative mother, with a range from 35% in 

Lesotho to 74% in Uganda, and 13% had either an HIV positive or deceased mother, ranging 

from 6% to 27% in the same countries. Maternal HIV status for the remaining 31% of 

eligible children was unknown (Table 1). The proportion of children in the unknown stratum 

varied widely by country, from 20% in Uganda to 46% in Namibia. The unknown stratum 

had the lowest response rate at 66%, while the positive/deceased and negative strata had 

similar response rates at 84% and 86%, respectively. This pattern was consistent across 

countries, except in Uganda where the response rate was over 95% in each stratum, and in 

Malawi where the positive/deceased stratum had a higher response rate than the negative 

stratum (78% vs. 72%).

There were three main reasons for unknown maternal HIV status: 1) non-response or refusal 

by eligible mothers; 2) mothers absent from the household at the time of the interview; and, 

3) mothers reported as deceased by another member of the household. Less than two percent 

of unknown maternal HIV status was due to other reasons, such as inconclusive blood test 

results or data entry errors (Table 2). The proportion of unknown HIV status resulting from 

the three main reasons varied by country, especially for non-response/refusal by eligible 

mothers, which accounted for 11% of unknown status in Uganda, compared to 48% in 

Malawi. Mothers absent from the household at the time of the interview were responsible for 

78% of the unknown maternal HIV status in Uganda and 44% in Malawi.

Child HIV prevalence by maternal status

Among children with unknown maternal HIV status, HIV prevalence was highest among 

children with a deceased mother (5.2%), followed by children of mothers who were not 

present during the interview (0.8%), and those whose mother had refused to participate 

(0.6%) (Table 2).

Overall HIV prevalence among children with either an HIV positive or deceased mother was 

6.5% (95% CI: 5.6 – 7.5), with 484 children testing positive. By country, this figure ranged 

from 5.2% in Namibia to 8.5% in Malawi.

HIV prevalence among children of mothers who were alive but with unknown HIV status 

was 0.77% (95% CI: 0.54 – 0.99%), with a minimum of 0.15% in Tanzania and a maximum 

of 2.2% in Eswatini. There were 162 HIV positive children in this group.

A total of 19 HIV positive children had an HIV negative mother. Of these, 13 were female 

and 8 were aged under 10. The responding parent or guardian for six of these children knew 

their child’s HIV positive status prior to the survey. We were not able to determine whether 

any of these children had incorrectly linked mothers or were known to have contracted 

HIV from someone other than their mother. Although 57% of all children tested had 

negative mothers, this stratum contained only 3% of the positive children. The overall HIV 

prevalence in this stratum was 0.05% (95% CI: 0.01 – 0.08%).
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Precision estimates for targeted sample design scenarios

Table 3 shows the expected number of children tested and the precision (RSE) of child 

HIV prevalence estimates in each of the three sampling designs we considered. Under 

Neyman allocation with the sampling fraction in the positive/deceased stratum set to 1.0, 

around 10% of children with negative mothers and 16% (Tanzania) to 52% (Lesotho) of 

children with unknown status mothers would have been selected from the overall number 

of children rostered. The total number of children tested across these 8 countries, assuming 

PHIA response rates, would be approximately 42,000, 13,000 fewer than the actual PHIA 

surveys. Only the countries with the highest proportion of HIV positive mothers, Lesotho 

and Eswatini, would have had an increased sample size under the Neyman allocation design.

The scenario 1 design has a smaller expected RSE than the PHIA design where all children 

in a subsample (generally 50%) of households were selected. In most countries the sample 

sizes for the PHIA design and this design are similar. Exceptions occur with Tanzania, 

Uganda, and Zambia, where the PHIA sample sizes are much larger than those for the 

targeted design. These countries have the highest proportion of children with negative 

mothers, and had relatively low prevalence among the unknown stratum.

Under this proposed design, we would expect about 1,200 children to test positive, of whom 

980 would be children with positive mothers. In each country, the expected number of 

positive children with negative mothers under this design would be between 0.1 and 1.7. In 

the PHIA surveys, a total of 665 children tested positive for HIV.

The scenario 3 design, which is the same as the PHIA design but with a sample size set 

equal to that of the scenario 1 and 2 designs, enables a direct comparison of the achieved 

precision assuming the same total number of children tested. Table 3 shows that the relative 

reduction in mean squared error using the targeted design ranges from 27% in Eswatini to 

61% in Tanzania.

Estimated bias from sampling assuming zero prevalence among HIV negative mothers

The average sample size for the negative stratum is about 1,000 children per country, with 

an expected yield of around 1 positive child. Assuming a prevalence of zero and setting 

the sample size to zero allows an increase in the sample size in the unknown stratum but 

introduces an estimated bias in the overall prevalence in the range of 0.01% to 0.06% (Table 

3, scenario 2). For a constant sample size, the overall RRMSE under this design is only 

marginally lower than the RSE in scenario 1. This is because the sample size in the negative 

stratum is relatively small, and the released sample can only be allocated to the unknown 

stratum, because all children in the positive/deceased stratum are already selected. In a 

more general design where the adult sample size is larger and the positive/deceased stratum 

sampling fraction is less than 1, the gains from this approach would be greater.

Required sample sizes to meet specified RSE targets

Primary objectives in PHIA were based on precision (RSE) targets. To adjust for this type 

of constraint, we can adjust the sampling fraction for the unknown stratum. The required 

sampling fractions and corresponding numbers of children tested are shown in Table 4 for a 
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range of target RSE values by country. To achieve a 20% RSE target a sampling fraction of 

less than 0.1 is needed in all countries except Uganda. The total number of children tested 

can be compared to the achieved RSEs and total sample sizes in Table 3. For example, under 

the PHIA design 10,345 children were tested in Uganda to achieve an RSE of 20%. The 

same RSE could have been obtained with a total sample size of less than 3,500 by testing all 

children in the positive/deceased stratum and 15% of those in the unknown stratum.

Discussion

Our results show that the precision of child HIV prevalence estimates could be improved by 

using a targeted sample design with a similar sample size as the PHIA design, and that for 

a given RSE target, substantial reductions in sample size are possible. For a given sample 

size, our design typically results in about a one-third reduction in mean squared error. This 

increase means that the same precision targets could be met for a substantially reduced cost, 

in comparison with the design used for the PHIA surveys. Because HIV in children is almost 

always acquired from the mother, targeting of the sample using maternal HIV status is 

effective across the wide range of epidemic contexts and prevalence parameters encountered 

in the eight countries analyzed.

Our design includes testing all children with positive mothers. In addition to the overall 

gains in efficiency, this design would yield almost twice the number of HIV positive 

children as the PHIA design with a similar number of children tested in total, providing 

a more detailed understanding of the population of HIV positive children. For example, as 

PMTCT programs have achieved greater effectiveness in reducing pediatric HIV infections, 

a higher proportion of infected infants are the result of undetected incidence of HIV in 

pregnant and breastfeeding women, and our targeted design could help understand the 

changes in transmission dynamics that have occurred20,21. Among the children with positive 

mothers also will be many children whose HIV infection was previously unknown; linkage 

to treatment may result in a lifesaving benefit of survey participation.

The identification of 19 positive children with negative mothers is notable, though our data 

does not allow for any conclusions to be drawn about how these children were infected. 

It is likely that the parents or guardians of the six children whose HIV-positive status was 

known prior to the survey understand how the child became infected, but we did not ask for 

details about this in our questionnaire. In several cases there is some evidence that the true 

birth mother may have been either misreported or recorded incorrectly during the survey. 

During data cleaning we did correct cases in which there was clear evidence that the wrong 

household member was linked to the child, but in these remaining cases there is not enough 

information for us to be able to determine how the children were infected.

Regardless of the explanation for how children with reported HIV negative mothers 

contracted HIV, our results show that testing children with HIV negative mothers provides 

little benefit in the estimation of overall pediatric prevalence. Our results also represent a 

useful upper limit on the true non-vertically-transmitted HIV prevalence among children 

in the surveyed countries. Given the potential for mis-reporting of a child’s birth mother 

and the extremely small number of positive children found in this group, we consider it 
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likely that our results are an overestimate of the true bias. Assuming zero prevalence among 

these children and re-allocating resources to the unknown stratum provides a slightly smaller 

overall RRMSE, with only a small bias, while simplifying the design.

We also analyzed the reasons for unknown maternal statuses. Although the overall 

percentage of children with unknown maternal status is similar in most of the studied 

countries, the explanations show a wide variation in the distribution between non-response/

refusal and mothers not being present in the household for the survey. Reducing the rate 

of unknown maternal statuses would result in further increases in sampling efficiency, 

so further studies of this kind should consider how survey procedures can encourage the 

participation of mothers, for example ensuring that convenient household revisit times are 

available and providing specific information about the benefits of enrolment to reduce 

non-response and refusal. Our findings could assist in determining which measures will be 

most important in the context of individual countries.

This study has several limitations. Most importantly, the sample designs are built upon 

a household survey where all mothers are eligible for testing, and where initial maternal 

results are available during fieldwork, so that maternal HIV status can be used as a screening 

variable for no additional cost.

This study also relies on extrapolating results from one sample design to an alternative 

design. Some parameters, such as response rates, could differ under the alternative design. 

The impact on study participants themselves of changing the design is likely minimal, since 

there would be no obvious change in their experience of the survey, but we have very limited 

evidence about these practical aspects.

There are challenges to implementing a targeted pediatric HIV testing approach. If all 

children in the positive/deceased stratum and no children in the negative stratum are 

sampled, only the sampling fraction for the unknown stratum needs to be determined. 

Allowance needs to be made for the lower response rate in this stratum observed in the 

PHIA surveys. Table 4 shows that similar RSEs to those achieved using the PHIA surveys’ 

subsampling design could have been obtained using a sampling fraction in the unknown 

stratum of less than 50%. For a country lacking country level specific data to justify an 

alternative choice, a 50% sampling fraction is likely to lead to a smaller sample size than 

the PHIA design while reaching a comparable RSE and will be robust to a wide variation in 

prevalence and stratum proportions.

If the main survey sample size is very large, the number of children selected may be larger 

than desirable since all children are potentially eligible. To control the sample size, the 

design can be modified to use a sampling fraction of f in the positive/deceased mother 

stratum and f /2 in the unknown stratum where a mother is absent or refuses testing. In 

general, controlling sample size requires estimates of the proportions of children in each of 

the three strata. The findings on these proportions reported in Tables 3 and the corresponding 

sampling fractions in Table 4 may provide useful guidance.

Future population-based surveys of adult HIV that also plan to measure child HIV 

prevalence should consider targeted sampling to reduce the sample size needed to meet 
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a precision target. The targeted design also provides a much higher yield of both positive 

children and children of HIV positive mothers for a fixed sample size, allowing for more 

granular analysis of pediatric HIV prevalence and prevention of mother to child HIV 

transmission as well as potential lifesaving linkage to care and treatment for infected 

children. The findings from the PHIA surveys can be used as baseline data for future sample 

designs.
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