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Abstract 

Immunization is one of the most cost-effective ways of preventing child and adult morbidity 

and mortality due to infectious diseases. Vaccine coverage monitoring at the national and 

sub-national levels is critical to identify under-vaccinated populations and to improve the 

performance of immunization services to reach them. Despite substantial improvements 

since the invention of the Expanded Program on Immunization (EPI) cluster survey method 

in the 1970s, measuring vaccination coverage with high accuracy and precision remains a 

very challenging, but often neglected, global problem, especially in low-resource settings.  

Since household surveys are currently an essential tool for vaccine coverage monitoring in 

developing countries, this study has focused on survey-based vaccine coverage estimates. 

Innovative household survey sampling methods (Chapter 3) and data quality inspection 

approaches (Chapter 5) were explored and designed to improve the quality and operational 

feasibility of vaccine coverage surveys. In order to overcome the information biases of 

survey-based vaccine coverage estimates, novel statistical methods were developed (Chapter 

4) to incorporate additional evidence from immune marker assessments with survey results 

for triangulation and adjustments. These approaches to improve vaccine coverage monitoring 

were integrated and demonstrated through a proof of concept study in Karachi, Pakistan.  

This dissertation has demonstrated a systematic approach to improve survey-based vaccine 

coverage monitoring through methodological innovations in survey sampling designs, 
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enhanced quality assurance activities, and incorporation of additional evidence from non-

survey data sources.   
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Chapter 1. Introduction  

1.1 Expanded Program on Immunization 

The Expanded Program on Immunization (EPI) was initiated by the World Health 

Organization (WHO) in 1974, when less than five percent of children worldwide were 

immunized during the first year of life against six vaccine-preventable diseases (VPDs), 

namely polio, diphtheria, tuberculosis, pertussis, measles and tetanus (1). Based on the 

unprecedented universal adoption of the EPI program among countries around the world by 

the early 1980s, additional new and under-used vaccines have now been added in the 

program. Most countries, including the majority of low-income countries, have included 

vaccines in the routine infant immunization schedules against yellow fever (since 1988, only 

in epidemiologically relevant countries), hepatitis B (HepB) (since 1992), and Haemophilus 

influenzae type b (Hib) (since 1998). Since the year 2000, the EPI entered a new phase 

towards accelerated and sustainable expansion, particularly with the support from the Global 

Alliance for Vaccines and Immunization (Gavi), a public-private partnership dedicated to 

increasing children’s access to vaccines in low- and middle- income countries. An increasing 

number of countries are in the process of introducing pneumococcal conjugate vaccine 

(PCV), rotavirus vaccine, and human papillomavirus (HPV) vaccine. Under the WHO 

recommendation for routine immunization (2), based on reviews of available evidence and 

recommendations of the WHO Strategic Advisory Group of Experts (SAGE) on 
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immunizations, meningococcal A conjugate vaccine, Japanese encephalitis vaccine, and 

typhoid vaccine are being introduced in high risk regions or for high risk groups. The 

addition of inactivated polio vaccine (IPV) to the oral polio vaccine (OPV) as part of the 

strategy for polio eradication has been included in the Gavi supported vaccine portfolio. The 

addition of second routine does of measles containing vaccine and the replacement of 

measles vaccine with measles-rubella vaccine are being adopted. Moreover, other recently 

developed vaccines against malaria and dengue could become part of EPI programs in some 

regions of the world. 

1.1.1 Routine vaccination coverage 

In 2016, an estimated 86% of children between 12 and 23 months old globally received at 

least three doses of DTP vaccines (DTP3; combination of diphtheria, tetanus and pertussis) or 

pentavalent vaccines (Penta3; combination of diphtheria, tetanus, pertussis, hepatitis B and 

Haemophilus influenzae type b). This coverage suggested that 116.9 million children were 

vaccinated against diphtheria, tetanus, and pertussis, and the other 19.0 million were left un- 

or under-vaccinated (Figure 1-1) (3). In that same year, the coverage was 85% for first dose 

of measles-containing vaccines (MCV1), 84% for the third dose of hepatitis B vaccine 

(HepB3), 70% for the third dose of Haemophilus influenzae type b vaccine (Hib3), and 42% 

for the third dose of pneumococcal conjugate vaccine (PCV3).  

DTP3 coverage and MCV1 coverage are the most frequently used vaccine coverage 

indicators, which respectively represent the performance of routine immunization programs 
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in protecting young infant under six months of age and children at one year of age. As shown 

in Figure 1-1, global coverage of DTP3 and MCV1 was slightly above 70% in the decade of 

1990s until the establishment of Millennium Development Goals (MDGs) and the founding 

of Gavi in the early 2000s. In addition, new vaccines are being introduced with 

unprecedented pace. For example, it took more than two decades from the time of first 

licensure of Hib to reach 100 countries in 2006, while introduction of PCV only took one 

decade to reach this level of vaccine introduction (4). Since 2000, Gavi’s work on vaccine 

introduction and immunization system strengthening has helped prevent about six million 

potential deaths among an estimated 440 million immunized children (5).  

However, the increases in DTP3 and MCV1 coverage has stalled since 2007 both globally and 

in focus regions (Figure 1-2) (6), despite the adoption of the Decade of Vaccines Global 

Vaccine Action Plan 2011-2020. Though global introduction of new vaccines is continuing at 

a rapid pace, the stagnation of improvement in DTP3 and MCV1 coverage suggests the 

existence of entrenched problems of immunization systems in a number of countries. Studies 

suggest that the gaps in coverage are concentrated in poor countries, and among the most 

vulnerable populations, such as the poorest and the children of the least educated (7), for 

whom, if vaccines are not accessible, the chances of receiving appropriate care for vaccine 

preventable diseases are also less likely. Thus, it is important to properly quantify coverage of 

vaccines and other maternal, newborn, and child health (MNCH) interventions at the 

national and sub-national levels to identify underserved populations, to improve the 
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performance of the health services to reach them, and to help allocation of resources towards 

the populations who are in most need. 

1.1.2 Vaccination timeliness 

Besides the issues with vaccination coverage and inequality, the timeliness of vaccination 

adds another layer to the complexity of immunization program management. Inappropriate 

timing of vaccination can significantly reduce the impact of vaccines on the burden of 

disease and can be seen as failing to optimize the investments in these powerful public health 

tools. For vaccines such as measles, administration prior to recommended age (6-12 months 

of age) can significantly reduce the immunogenicity and therefore effectiveness. If a second 

dose of measles vaccine is not administered, children will be at risk of disease. In practice, 

while a few children may be vaccinated early, many more are vaccinated late (8-10). Delayed 

vaccinations, particularly in countries with endemic VPDs, leave children unprotected and at 

increased risk of morbidity and mortality. Although vaccination at an older age can often 

provide longer and more durable protection (11-13), the delay often occurs during the period 

of greatest disease risk. Furthermore, late vaccination is disproportionately observed among 

children in groups at highest risk of disease, usually because of socioeconomic conditions and 

access to healthcare, for whom age-appropriate vaccination will have the greatest impact (8, 

14). Moreover, recent research has shown that late DTP1 vaccination is correlated with not 

receiving DTP3 and measles vaccine (15). Thus, monitoring and understanding vaccination 
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timeliness is critical to insure the effectiveness of immunization programs, especially for 

resource allocation in low vaccination coverage areas.  

According to analyses of DHS data among the 12 countries with the longest delay of 

vaccination (8), at least 25% of the DTP1 vaccination are given with more than an 8 week 

delay. This number is 10 weeks, 11 weeks, and 19 weeks respectively for BCG, MCV1, and 

DTP3. 

1.2 Immunization Monitoring and the Importance 

1.2.1 National vaccination coverage estimates 

The WHO and UNICEF Estimate of National Immunization Coverage (WUENIC) is a 

country-specific estimate of vaccination coverage updated and revised annually for 13 

vaccine doses, including DTP3, and MCV1. WUENIC is based on coverage estimates from 

officially reported government statistics, generated from the immunization system 

administrative data, along with periodic nationally representative surveys (but not sub-

national surveys) and other information that can inform the estimates, such as reported 

vaccine stock-out and policy changes (Figure 1-3) (16). The WUENIC estimates are 

generated by a complicated set of computational logics that are applied to incorporate 

information from various sources each with their own design problems and data uncertainty; 

no underlying statistical probability model is applied to the data (17, 18). Despite its 

important role as the cornerstone for national or global policy making, immunization 
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planning, vaccine procurement, and resource allocation, the uncertainty of the WUENIC 

values due to limitations in the quality of the empirical evidence is not quantified and is 

often under-recognized. 

Beginning with the 2011 revision of WUENIC (meaning coverage for the year 2011, the 

analysis of which was available in 2012), grade-of-confidence (GoC) values are reported 

along with point estimates of coverage for each vaccine. GoC is designed to characterize the 

uncertainty around the WUENIC estimates. GoC does not refer to any measurement error or 

statistical uncertainty, but reflects the level of support for the coverage point estimate by the 

underlying data sources (19). GoC is categorized as I (poor data support), II (moderate data 

support), or III (strong data support). The WUENIC process and GoC annotation are 

illustrated in Figure 1-3 adapted from work at IVAC (6). Figure 1-4 presents the GoC trend 

and pattern of the source of estimate uncertainty per year for DTP3 coverage. In summary, 

there is no improvement in the overall GoC of the WUENIC estimates since 2001. The 

WUENIC coverage estimates from 49 of the 73 Gavi countries were classified as GoC-I (poor 

data support) in 2010, including 27 of the 36 Gavi countries in Africa. The most common 

reason for country estimates to be classified as GoC-I was the countries’ failure to use the 

most updated population denominator data from the United Nation’s World Population 

Prospects (WPP) dataset in the vaccination coverage estimates (Figure 1-5), though it is 

debatable if the population data used by the country governments may better reflect the 

reality than the WPP.  
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Given the weakness in vaccination coverage estimation, the Global Vaccine Action Plan 

(GVAP) dedicated a Strategic Objective Indicator (Indicator SO4.3) on strengthening 

vaccination coverage data collection and analyses (20).  

1.2.2 Monitoring vaccination at subnational level 

Vaccination coverage and timeliness can be as variable within a country as they are between 

counties (7, 8, 21). Un- and under- vaccination, like many other MNCH program gaps, is 

concentrated among vulnerable populations, such as the poorest and the least educated (7). A 

study of DHS data from 54 countries has shown that within country inequalities in MNCH 

services are large and in many countries have increased over the years (22). As shown in 

Figure 1-6, a DHS and MICS data analysis of vaccination coverage disparity by socioeconomic 

status, type of residence, and gender in seven focus countries, shows that within country 

DTP3 or MCV coverage disparities are often over 20% or even 30%. Children in vulnerable 

populations also share a disproportionately higher burden of disease. Increases of one 

percentage in national vaccination coverage may result in substantially more than a one 

percentage point reduction in disease incidence or mortality at the national level because the 

unvaccinated have a disproportionate disease burden for reasons other than their vaccination 

status (i.e. higher underlying risk factors for disease, apart from vaccination). Control of 

highly contagious diseases, such as measles, requires even higher coverage and lower 

disparity than is required to control diseases that are less contagious and have lower 

reproductive numbers.  
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The Global Vaccine Action Plan (GVAP) has set an important target to enhance vaccination 

equity -- no districts with DTP3 coverage less than 80% by 2015 (included in the Indicator 

G3.1) (20); however, in the 2014 GVAP Assessment Report (23), progress towards this target 

was not commented on, because “district data are not available, or are invalid, from almost 

half of countries.” In the 2016 GVAP Secretariat Report (24), this target was assessed based 

on data from only 88 countries, among which only 52 countries (27% of all WHO countries) 

had DTP3 coverage of 80% or more in all districts.  

Monitoring of vaccination coverage at the subnational level is essential to unveil disparities 

such as those based on geography (urban/rural), ethnicity, race or cultural factors. 

Identifying underserved populations in a timely and accurate manner helps policy makers 

and immunization program planners allocate resources towards effective interventions, such 

as strengthening community health worker programs, establishing vaccination services, and 

carrying out immunization campaigns. 

Subnational vaccination coverage and timeliness are also indicators of health system 

strength. Established logistic systems, well-functioning performance management, 

monitoring and evaluation are prerequisites for vaccine program strength which in turn 

results in delivering vaccines to children in a timely and effective manner. The Reaching 

Every District/Village/Community Strategy practiced over the world and the experience of 

polio eradication efforts have emphasized the importance of micro-level program planning 
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and management for maximizing the impact of vaccines (25). If micro-level planning is 

needed, so is micro-level monitoring.  

1.2.3 Monitoring fully immunized child (FIC) 

While WHO recommends 11 antigens for vaccination of all children under 1 year of age, not 

all currently available vaccination monitoring methods, such as DHS and MICS surveys, 

include measuring coverage with all of these vaccine antigens. The most commonly used 

indicator of the fully immunized child (FIC) is based on the original 6 antigens (FIC6), 

namely, Bacillus Calmette Guerin (BCG, 1 dose), diphtheria, tetanus, pertussis (DTP, 3 

doses), polio (OPV or IPV, 3 doses), and measles (MCV, 2 doses). Robust methods to measure 

and track progress of FIC are still not available. FIC is not yet used as a global-level indicator 

and is seldom used for national-level immunization program monitoring.  

Though FIC6 is often measured by surveys in individual children, there is no metric yet to 

assess FIC in countries or populations where recent survey data are unavailable or 

inadequate. Since coverage estimates are usually reported from administrative data and 

registries on an antigen by antigen basis, it is very difficult to aggregate across the component 

metrics to report on FIC. Moreover, since immunization schedules vary across countries and 

sometimes within countries, it is even difficult to appropriately define FIC for comparison 

across countries and within countries. For example, the composition of FIC under 12 months 

of age is different in country recommend MCV1 at 9 months of age and in those recommend 

it at 12 months of age.  
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Despite these limitations and challenges, the United Nations Development Group Global 

Thematic Consultation on Health in 2013 has recognized FIC as “an ambitious but practical 

indicator” in the post-2015 agenda for health (26). Monitoring FIC is particularly important 

as it is an “all-in-one” performance measure of immunization system (especially for FIC 

under 12 months of age). An FIC definition including only the basic vaccine package, such as 

FIC6, is useful in measuring the capacity of an immunization system in service delivery, 

while a comprehensively defined FIC, including the new vaccine, is useful in quantifying the 

progress of immunization program expansion. A definition of FIC involving vaccine doses 

targeting adolescents and adults, such as human papillomavirus vaccines (HPV), can reflect 

on the life-course vaccination status in target population. Furthermore, the simplicity of FIC 

as a single measure, compared to multiple single vaccination coverage estimates, makes it a 

promising indicator for use by general audiences.  

To overcome the methodological difficulties of generating FIC from coverage estimates for 

single vaccines, or from discrete sources of survey data, work has been done by our group to 

model the relationship between FIC and single vaccine coverage estimates from individual 

level DHS results using hierarchical log-linear modeling (with iterative proportional fitting) 

and logistic regressions on a composite coverage score. Those models were then used to 

generate a national-level FIC indicator for Gavi countries on an annual basis, based on 

WUENIC single vaccine coverage estimates and Gavi’s Strategic Demand Forecast. According 

to unpublished results shown in Figure 1-7, average FIC6 in 2013 was predicted to be 62% in 
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Gavi countries, which implies 47 million surviving infants in Gavi countries were fully 

vaccinated and the other 28.8 million were not. This model also predicts that, based on the 

assumptions of the Strategic Demand Forecast by Gavi (SDF version 9), FIC6 will not reach 

80% even by 2034 (27).  

1.3 Methods and Issues in Vaccination Coverage Estimation 

“Measuring coverage is not more difficult than finding out two values: the numerator and the 

denominator” Dr. Kate O’Brien once said in a casual conversation. This is undoubtedly true, 

and therein lies the challenge. Vaccination coverage measurement remains a very 

challenging global problem with substantial focus on establishing the numerator values with 

greater certainty, and parallel efforts to establish accurate denominator values. Cutts et.al. 

(28) summarized that a proper coverage estimate should have the desirable properties of 

being “well-defined, accurate, precise, geographically specific, current, and comparable to 

other estimates over time or location.” Choice of methods for coverage estimation should also 

consider the purpose for which estimates are needed (29): to determine actual coverage 

levels, to identify area with inadequate coverage, to monitor trends over time, or to monitor 

vaccination activities in real-time as they are being performed.  

In low- and middle- income countries, two types of methodologies are commonly employed 

complementarily: the indirect measures using immunization registry and routine reports; 

and the direct measures from surveys.  
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1.3.1 Immunization Registry and Routine Reports 

Ideally, immunization program performance should be continuously monitored based on a 

local birth- and vaccination registers which document doses and time of vaccination of each 

individual in the entire birth cohort (28). Coverage can be calculated by dividing the 

numerator by a total population denominator, which can be derived from the same registry 

or from other vital statistic systems. However, the accuracy of this process in low- and 

middle- income countries is challenging for the following reasons (28, 30):  

1. Denominator Issues 

a. Incomplete birth registration where a substantial fraction of births are never 

registered; in some cases, there is also the problem of duplication or double 

counting in parallel registers. In practice, target population estimates are 

extrapolated from a past census and used as denominators (31), which therefore 

have great uncertainty, especially for estimates at the local level. 

b. In-migration and out-migration:  Accounting for migration within and between 

subnational areas or between countries adds another layer to the complexity of 

denominator estimation.  

2. Numerator Issues 

a. Private sector providers:  Vaccination through private providers are often not 

registered or reported to government agencies, thus, not accounted for in national 

vaccination indicators (32). 
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b. Inaccuracies during supplemental immunization activities:  Missing records and 

recording duplication can be more common in supplementary immunization 

activities, when vaccinators are busy (32).  

c. Throughout the reporting process, individual vaccination registers are usually 

aggregated by vaccines, which strips out the information needed for estimating 

fully vaccinated child metrics. 

3. Reporting Issues 

a. Biased reporting:  National and local immunization programs may be motivated to 

report higher numerators as the program performance is often associated with 

global aid continuation and financial/performance incentives for local mangers 

(33, 34). 

b. Duplication of vaccination records can easily occur at district level if identification 

of individual children is not well performed when registers are aggregated from 

multiple facilities. 

c. Administrative and organizational changes can lead to mass loss or duplication of 

records and threaten the continuity of recording. For example, when district 

boundaries change, a community may be excluded from the old district before the 

new district start to cover it with monitoring activities; or, the community may be 

monitored and double counted by both the old and new districts during the 

transition period.  
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d. Lack of consistency in coverage indicator definition and format of reporting make 

coverage comparison over time and cross-geography difficult. For example, there 

is no standards for when and if SIA vaccines should be included in coverage 

calculations or not. 

In addition, delivery of information upward from health centers to local vaccination 

programs to districts and central governments takes too long to make the coverage estimates 

useful for real-time monitoring and local program management and improvement.  

WHO has developed data quality self-assessment (DQS) tools (35) to assess the accuracy of 

reported numbers of immunizations and to infer the quality of immunization monitoring 

system, through cross-checking data at district and health unit levels. WHO and Gavi uses 

those tools in the Data Quality Audit (DQA) procedures, of which a result verification factor 

(VF) above 80% entitles country to receive additional Gavi financial support. Results from 41 

countries between 2002 and 2005 (30) have shown that almost half of the audited countries 

failed in data consistency between various levels of data aggregation, such as at facility, in 

districts, and in provinces, while some countries performed well (36).  

1.3.2 Multi-purpose Household Surveys 

Given the weakness of registries and routine reports in low- and middle-income countries, 

the WUENIC process of national coverage estimation also considers survey data whenever 

possible (17). Two large multi-purpose surveys often used for inter-country and/or time 
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series coverage comparisons (37) are the United States Agency for International 

Development-supported Demographic and Health Surveys (DHS) (38) and the United 

Nations Children’s Fund-supported Multiple Indicator Cluster Surveys (MICS) (39). Neither 

of these surveys are exclusively for estimating vaccine coverage but instead provide survey 

information about a wide range of maternal-child health issues. 

DHS and MICS are intended to be deployed using a standardized multi-stage cluster 

sampling design, standardized questionnaires, and well-trained fieldworkers. Data obtained 

from those surveys are valuable for a wide range of topics including MNCH. Cutts and her 

colleagues, in their state-of-the-art report to the Bill & Melinda Gates Foundation (BMGF) 

(28) and a review in PLOS Medicine “Measuring Coverage in MNCH” collection (40), have 

summarized the main potential sources of error in population-based surveys measuring 

vaccination coverage and the comparison of methodologies among DHS, MICS, EPI, and Lot 

Quality Assurance Sampling (LQAS) surveys. A summary of the total survey error was 

performed by Eisele and his colleagues (41).  

A validation study in China (42) suggested that DHS and MICS survey instruments had an 

89% (86-92) sensitivity and 70% (61-78) specificity for measuring DTP coverage and 95% 

(92-98) and 44% sensitivity and (38-49) specificity for measuring MCV coverage, based on 

paper- and electronic-based health care records as reference standard. However, since the 

accuracy of these health care records was not assessed, it is unknown if they are appropriate 

as “gold standards” for the comparison with the survey results.  
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Consistent findings have shown that vaccination coverage estimates from DHS data are 

generally lower than country reported administrative coverage (34). Research estimated that, 

by 2006, Gavi immunization services support (ISS) had contributed to an additional 7.4 

million (5.7-9.2) DTP3 immunizations based on DHS data, but the number was 13.9 million 

based on officially reported estimates (33). This discrepancy resulted in a $140 million Gavi 

ISS performance-based payment to countries in excess of what it would have been based on 

DHS data only. A recent study (43) suggested the feasibility of combining administrative data 

with DHS survey data with a likelihood framework to improve estimates of vaccination 

coverage. Unlike the WUENIC approach, the likelihood framework method may provide a 

quantitative non-subjective solution for global vaccine coverage estimates in the future.  

DHS and MICS are expensive; they need usually 12 months to plan, implement and report 

and require a large team of highly trained staff. It is nearly impossible to conduct DHS and 

MICS surveys on an annual basis. DHS and MICS are usually not designed with sufficient 

sample sizes and precision for monitoring sub-national immunization program performance. 

In addition, DHS and MICS both have questionnaires nearly a hundred pages long. 

Information bias becomes an obvious problem when respondents and interviewers have 

limited time and patience for a verbal history of vaccination (28). The problem becomes 

worse when interviewers are not particularly well trained with the schedule of vaccination 

and the background of vaccine-related questions. Studies have shown that vaccination cards 

were observed for an average of only 55% children in DHS; 1% to 3% of mothers recalled 



17 

 

additional immunizations that were not noted on the immunization cards; 9% to 32% 

mothers, who reported never receiving a card, recalled at least one dose of vaccination (44).  

Based on discussion of DHS and MICS methods, Bryce et.al. suggested a series of actions to 

improve household surveys for measuring coverage in MNCH (45), including “refining 

survey questionnaire and procedures”; “linking household surveys to other sources of 

information about service provision”; and “incorporating information technology.”  

Smaller, quicker and more vaccine-focused surveys are needed for sub-national 

immunization program monitoring.  

1.3.3 Expanded Program on Immunization (EPI) Cluster Survey and the 

alternatives 

In addition to the multi-purpose surveys of maternal child health, there are survey methods 

developed with particular intention for immunization program monitoring. Unlike the DHS 

and MICS surveys, which often rely on complete household listing for the sampling of 

eligible survey participants, the surveys implemented by national and subnational 

immunization programs usually employ methods that are more convenient and more 

efficient for the specific purpose of assessing vaccine coverage.  

The EPI cluster survey was original developed by WHO in the 1970s as a practical protocol 

to quickly estimate vaccination coverage among children between 12 to 23 month of age 

with a ±10% margin of error (46). Given the limitation of program monitoring resources 
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faced by national EPI programs in 1970s, especially the lack of expertise in survey and 

statistics, a self-weighting, non-probability sampling design was employed to allow rapid EPI 

survey implementation with low cost and expertise. This method traditionally applies a 

modified two-stage cluster sampling: first a probability sample of 30 clusters in a country or 

an area are selected; then, a non-probability sample of 7 children in each cluster, selected by 

the famous “random walk” method are selected. Depending on the local setting and the 

availability of sampling frames with population size estimates, the “clusters” may be defined 

as villages, sub-districts, urban neighborhoods, or other enumeration units defined in census. 

In the 2005 revised reference manual of the EPI vaccination coverage sampling method (47), 

WHO has designed more adaptive sampling methods to meet the needs in various settings, 

including sampling methods in urban areas, the use of a probability proportional to size 

(PPS) method (48) in the first stage of cluster sampling and a wide range of choices in the 

number of clusters and the number of individuals in each cluster. Bennett et.al. (49) and 

other groups  (50) have developed computational models to simulate the best choices 

between the number and size of clusters, the bias of sampling scheme and the costs related to 

the choices.  

The EPI method is specifically designed for vaccination monitoring and its field 

tools/instruments are usually shorter and easier to use than DHS and MICS. Given the simple 

nature of the EPI method, it has been applied to a number of topics other than 

immunization, though, for some applications, this rapid survey method is not appropriate 
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(51); for example, the 30×7 sample size is often used without calculation of statistical power. 

The EPI method is not an inexpensive panacea for the vaccination coverage measurement 

challenges. Lessons have been learned that, even before weighing the trade-off between 

precision and cost, the potential selection bias of applying a non-probability sampling 

method should be considered (52, 53). Some potential problems of the EPI vaccination 

coverage estimation method are:  

1. EPI surveys with PPS selection of clusters are intended to be approximately self-

weighting, i.e. children are selected within identical overall probability. However, 

this could be incorrect if census data are inaccurate or if populations in the clusters 

have grown at disproportionate rates.  

2. PPS sampling in the first stage results in an opportunity that children in remote 

clusters are not sampled, while those people are often disproportional affected by 

diseases burden.  

3. Second stage sampling within clusters is not probability sampling, i.e. the probability 

of household or child selection is unknown. Researchers must assume that the 

“random walk” approach can select each individual in the cluster with same 

probability, like that of a simple random sampling method, in order to analyze the 

data. The non-probability sampling in the second stage can lead to biased coverage 

estimation. Selection of the “random walk” direction to take, and the selection of the 

household in the direction selected for the random walk allows subjective input by 
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interviewers and favors households towards the center of the cluster, which lead to 

selection bias. “Pocketing” of the vaccinated is a phenomenon that the children with 

similar vaccination status tend to live close to each other, because they share similar 

socioeconomic status, have parental interaction, or their chance of being targeted by 

the same immunization intervention. As EPI surveys tend to sample children who 

live close to each other, any small selection bias of selecting the first household in the 

cluster will be amplified by “pocketing.” 

4. EPI surveys usually do not provide useful information at the cluster-level nor do they 

detect cross-cluster disparities, because the sample in each cluster is usually small, the 

design effect, and the “pocketing” of vaccinated. Therefore, policy makers should not 

use EPI surveys to direct resource allocation at the cluster level.  

5. EPI surveys are not designed to assess multiple health indicators, as they are designed 

to measure immunization coverage. Because sample size and enrollment criteria are 

predetermined for specific questions (usually vaccination), it is impossible to 

incorporate additional research questions targeting a different age range. For example, 

the under-five prevalence of wasting cannot be estimated with a vaccination coverage 

survey among 12-23 month old children, which is the design of the EPI survey.  

6. Cutts et.al. (28) suggested that use of EPI survey results and the comparison between 

surveys are made difficult because the surveys are often implemented in the field 

with variable protocols, without external technical assistance and without cross 
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survey consistency. However, others argue that these small but valid surveys should 

not be neglected (54).  

Over the last two decades, modifications of and alternatives to the traditional EPI cluster 

survey methodology have been developed as follows to overcome some of the weaknesses:  

Turner et.al. (55) and Milligan et.al. (56) developed the compact segment approach to replace 

the “random walk” method for the second stage of sampling, to address problem #3 cited 

above. A comparative field study (56) with small sample size failed to show differences of 

point estimates from compact segment surveys and traditional EPI surveys or statistically 

differentiated homogeneity but more studies with larger sample sizes are needed to compare 

the accuracy, precision, and costs of the two surveys. The compact segment sampling 

approach is described in the Field Study Design section.  

Luman (57) tried their systematic random sampling (SystRS) approach in Ethiopia with a 

hope to solve problem #3. Instead of applying a “random walk”, the researchers first 

determined a sampling interval (i) for each cluster, which equated to the estimated number 

of households divided by the desired number of households to visit. They selected the 

starting household at the edge of each cluster among the first i households and visited every 

i’th subsequent household in a serpentine manner. The results showed EPI sampling 

generated consistently higher estimates than SystRS, while average time and cost were 
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substantially similar. The 2012 WHO field manual on LQAS surveys recommended a similar 

systematic random approach in the second stage of sampling (58).  

With the help of GIS tools, Grais et.al. (59) attempted to solve problem #3 by two simple 

alternative methods of selecting starting points for “random walk”: the first method applied a 

simple random pick of a GPS point within a cluster; the second method superimposed a very 

fine grid on a map of the cluster and applied a simple random pick of target x-y coordinates 

on the grid. The household closest to the right of the selected GPS point or the selected x-y 

coordinate was used as starting household. Their small sample study in Niger shown slight 

statistically insignificant difference of coverage estimates between the methods. These 

alternative methods were proved feasible and fast.  

Unlike the work of Grais and her colleagues, which only used GIS for selecting the starting 

household, Lowther et.al. (60) enumerated all households in each selected cluster and 

performed random selection of all households. Their results in rural Zambia proved the 

feasibility of GIS-based simple random sampling of households in the second stage of 

sampling.  

In response to the problem #1, #2 and #4, Myatt et.al. (51) illustrated a centric systematic 

area sampling method in the first stage of cluster sampling for estimating the coverage of 

selective feeding programs. This method systematically samples enumeration units within 

each non-overlapping squares of equal area (quadrats) on a map to avoid the problem of the 
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PPS method and to estimate per-quadrant coverage. With this method, clusters (i.e. 

enumeration blocks) are not sampled proportional to the population size. Instead, the study 

area is divided into dozens of quadrats, which are non-overlapping squares of equal area on a 

map, like fine grids. Then, one or more enumeration blocks will be selected in each quadrat. 

The clusters selected in each quadrat will always be the ones closest to the center of the 

quadrat. The subjects interviewed in each cluster will be weighted to the population size of 

the quadrat in the analysis. This method is useful when within area inequity is of interest. 

People living in remote and unpopulated areas are automatically over-sampled. Thus, this 

method is theoretically more cost-effective than PPS. However, there are two major 

drawbacks: first, estimating the population size in each quadrat is difficult; second, field staff 

will still have to mark building features in satellite imagery for the sampling of buildings 

within cluster. The field trial described has shown that applying a centric systematic area 

sampling method can over sample high-risk populations and is more cost-effective than PPS.  

Galway et.al. (61) presented a unique national-level two-stage cluster sampling method in 

areas with security concerns and without reliable population data per enumeration area. In 

their field study in Iraq, they used interpolated population distribution in a GIS database to 

simulate a probability surface proportional to the population density. Then, a number of 

probability balanced points were randomly generated according to the probability surface. 

Thus, the probability that a point appeared at a certain location is proportional to the 

population size at the location. The clusters selected were those administrative units which 



24 

 

contain at least one point. In the second stage, a starting household was selected using 

satellite imagery. The cluster was divided into very fine grids each containing at most one 

household. Then the starting household for the ‘random walk’ was selected with simple 

random sampling. This method minimized the time interviewers need to spend in the field, 

but the implementation is complicated and simulation of population probability balanced 

points is not necessary when reliable enumeration units exist.  

1.3.4 Lot Quality Assurance Sampling (LQAS) Survey 

LQAS as a small size sampling technique received the name from its original use in quality 

assurance processes for the manufacturing industry. After being introduced to health-related 

researches in 1980s, LQAS has played an important and unique role in health program 

monitoring and assessment of health conditions in communities. Immunization is the second 

most common health topic that has employed LQAS surveys, next only to HIV/AIDS (62). 

The purpose of this design in immunization monitoring is to identify areas/lots with 

unacceptably low level of vaccine coverage and, thus, provide evidence for follow up 

interventions. Compared to stratified surveys with precision to determine vaccine coverage 

in each area/lot, LQAS requires relatively smaller sample size and, therefore, is more feasible 

to implement on a periodic basis. Despite a worldwide increasing interest in LQAS 

immunization surveys, this method is still far from being universally integrated into routine 

immunization programs as a regular monitoring activity.  
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The first stage of LQAS is a stratified sampling, which divides a large study area into parts, 

i.e. lots. The lots can be defined as districts, health units, or catchment areas (28). Various 

sampling methods, including EPI sampling’s “random walk” approach, can then be employed 

to select a small number of subjects within each lot. The goal of LQAS survey is not to 

estimate coverage in each lot. Instead, a typical LQAS survey, based on response in each lot, 

classifies the lots into three groups with two thresholds. The upper threshold is a coverage 

target set by the vaccination program and the lower threshold is an unacceptably low level of 

coverage that should provoke attention (62). Based on the predetermined statistical level of 

significance and power, as well as the number of subjects in each lot, a decision rule can be 

calculated to classify the lots into three groups: if more than a certain number of surveyed 

children are vaccinated among all the surveyed children in a lot, this lot is considered 

acceptable, i.e. with adequate coverage; if less than a lower certain number of surveyed 

children are vaccinated, this lot is considered unacceptable, i.e. with inadequate coverage; if 

the number of vaccinated children fall in the middle of the triage system, this lot is 

considered an indeterminate area, where, in practice, the area is not a priority for vaccine 

program improvement but further monitoring is needed. In addition, when necessary, the 

samples in each lot can be pooled together to estimate the overall coverage in the whole 

study area. The current study will use a decision rule initially designed to monitor polio 

vaccination coverage (58), which is examined to be suitable for the current aims. 



26 

 

LQAS survey is a powerful tool for immunization program monitoring (63) for two reasons: 

first, with a relatively small sample size, LQAS can identify subset parts within the study area 

with inadequate coverage, which the other non-stratified surveys are incapable of; second, 

when the results are used to estimate coverage in the whole study area, the LQAS method is 

usually more precise compared to a traditional 30-cluster EPI survey, though it requires more 

person-days of work (62). However, when LQAS is compared to the other types of surveys, 

extra considerations need to be taken. 

The sample size of LQAS varies substantially given the choice of upper and lower thresholds. 

Earlier LQAS surveys often used a small sample size (often between 200 and 300 children for 

the whole survey) for rapid vaccination monitoring (62, 64). This sample size is appropriate 

when the lower threshold is set close to 50% and the upper threshold is 80% or higher. 

However, because routine vaccination coverage has improved globally in the last decades, 

the definition of “inadequate coverage” has become more stringent. A very low lower 

threshold cannot identify lots with unacceptable coverage. The current study with a 

predetermined lower threshold of 80% and a higher threshold of 90% (the GVAP target for 

DTP3 coverage) will require a sample size of 540 distributed over 9 lots.  

LQAS can be labor intensive and expensive when a household enumeration system is not 

available or incomplete in large lots. Previous studies have illustrated the integration of 

LQAS with cluster sampling in each lot (65, 66). The World Bank has published a protocol 

for clustered LQAS (C-LQAS) at sub-national levels for national program monitoring (67). 
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The LQAS survey in the current study applied a cluster design according to the WHO Field 

Manual (58). A detailed methodologic comparison between LQAS and EPI cluster sampling 

can be found in a WHO report written by Hoshaw-Woodard (68).
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1.4 Figures for Chapter 1 

Figure 1-1 Global vaccination coverage trend, 1980-2016 

 

Source:  WHO and UNICEF Estimate of National Immunization Coverage (WUENIC) 2016 revision. July 15th, 

2017 

Figure 1-2 Regional and global DTP3 vaccination coverage trends, 1980-2016 

 

Source:  WHO and UNICEF Estimate of National Immunization Coverage (WUENIC) 2016 revision. July 15th, 

2017 
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Figure 1-3 Review of WUENIC process and GoC annotation 

 

Reference:  Burton, A., Kowalski, R. , et al (2012) (17, 18) Brown, D. W., et al. (2013) (19) 
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Figure 1-4 GoC-1 countries by region and year 

 

GoC-3 : Estimate is supported by reported data [R+], coverage recalculated with an independent 

denominator (D+), and at least one supporting survey within 2 years [S+].  

GoC-2 : Estimate is supported by at least one data source, and no data source challenges the estimate. 

GoC-1 : There are no directly supporting data; or data from at least one source challenge the estimate. 

Source:  WHO and UNICEF Estimate of National Immunization Coverage (WUENIC) 2014 revision. July 15th, 

2015 

Figure 1-5 Reasons for GoC assignment for WUENIC year-specific estimate 

 

Source:  WHO and UNICEF Estimate of National Immunization Coverage (WUENIC) 2014 revision. July 15th, 

2015 
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Figure 1-6 Vaccination coverage disparity in focus countries 

 

Source:  Demographic and Health Surveys (http://dhsprogram.com); Multiple Indicator Cluster Surveys (http://mics.unicef.org/) 
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Figure 1-7 Prediction of fully immunized child (FIC) coverage in Gavi countries 

 

Source: Internal project at IVAC.  
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Chapter 2. Methods 

2.1 Study setting 

The study site was Korangi town in Sindh province of Pakistan, a peri-urban area of Karachi. 

The local economy is largely based on manufacturing and fishing industries. Korangi 

residents often receive daily wages and are experiencing transitions from peri-urban to urban 

life style, with increasingly crowded neighborhoods, rapidly growing population, and 

improving public transportation (69). Residents in urban Sindh are relatively wealthy 

compared to the rest of Pakistan (55.3% households in the highest wealth quintile; Gini 

coefficient=0.20), but people in Korangi town live in a lower socioeconomic level than 

Karachi city (70). According to the Karachi Municipal Committee estimates in 2015, Korangi 

town has a total population of 1.1 million, including about 31,000 infants 0-11 months of age. 

The population in Korangi is ethnically diverse, representing all the ethnic groups in 

Pakistan. With a size of only 40.54 square kilometers, including a large industrial area, living 

conditions are very crowded. There are approximately 155 “lady health workers,” 10 lady 

health worker supervisors and 25 vaccinators in Korangi town. Korangi town comprises 9 

union councils (UC, i.e. neighborhood; out of 178 UCs in Karachi), with an average of 

122,229 population in each UC. According to the Pakistan Bureau of Statistics, the average 

household size in Sindh province was 6.58, including 2.96 children per household. The total 

fertility rate in Sindh was 3.9 (95% CI: [3.6, 4.2]) in 2012 and infant mortality rate was 74.0 
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per 1,000 live births (95% CI: [64.6, 83.4]) in 2008-2012. Only 41.8% (95% CI: [45.9%, 

51.2%]) women in Sindh were literate in 2012. 78.2% (95% CI: [74.7, 81.6]) of mothers 

attended at least one antenatal care visit with a skilled provider and 60.1% (95% CI: [55.7, 

65.3]) of births were attended by skilled health personnel in 2008-2012 (70). 

Through an interactive process involving field investigations and conversations with local 

officials, Korangi was chosen as the study site primarily because it represented a typical peri-

urban slum setting, which was considered challenging for household surveys and serosurvey 

implementation. Given the rapid urbanization in Pakistan and South Asia, vaccine delivery 

research in the Korangi site are potentially generalizable. The Korangi site was selected also 

based on the presence of an existing research infrastructure capable of, and with considerable 

experience, running an mHealth immunization registry and demonstrated history of 

implementation partners, including local government, healthcare facilities, clinical 

laboratory, and technology implementation supporters. 

The Pakistan Demographic and Health Survey 2012-13 (70) showed that 78.5% (95% CI: 

[72.9%, 84.0%]) of the 12-23 month-old children in Sindh province received BCG 

vaccination. The coverage was 38.6% (95% CI: [33.5%, 43.6%]) for DTP3; 77.5% (95% CI: 

[70.6%, 84.5%]) for the third dose of polio vaccine (polio 3); and 44.6% (95% CI: [39.5%, 

49.6%]) for MCV1. Of the 12-23 months old children, 29.1% (95% CI: [24.5%, 33.6%]) were 

fully vaccinated with BCG, DPT3, OPV3, and MCV1. Healthcare services in Korangi town 
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are provided mainly by seven public basic health units, two private hospitals, and three 

private clinics. The latest measles outbreak in this area was reported in summer 2013. 

Routine immunization schedule in Sindh province is summarized in Table 2-1. 

Table 2-1 EPI-Sindh recommended immunization schedule in Sindh 

VACCINE DESCRIPTION SCHEDULES INTRODUCTIO
N SCALE 

COMMENTS 

BCG Bacille Calmette-Guérin 
vaccine 

Birth Entire country  

PENTA Diphtheria, Tetanus, 
Pertussis, Haemophilus 
influenzae type b and 
Hepatitis B vaccine 

6, 10, 14 weeks Entire country  

MEASLES Measles vaccine 9, 15 months Entire country  
OPV Oral polio vaccine Birth; 6, 10, 14 weeks Entire country  
IPV Inactive polio vaccine 14 weeks Entire country IPV was introduced 

in late 2015 
PCV Pneumococcal conjugate 

vaccine 
6, 10, 14 weeks Sindh 

province 
 

TT Maternal tetanus toxoid 
vaccine 

1st contact pregnancy; 2nd 
, +6 months; 3rd, +1 year 

Entire country  

 

2.2 Field study implementation 

2.2.1 Field implementation timeline 

The onsite project work began November 1, 2015. Survey data collection was concluded on 

December 31, 2016 (14 months), and laboratory assays for the immune marker assessments 

were completed on July 15, 2017. The field implementation components and timeline are 

summarized in Figure 2-1.  
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The first 2.5 months were devoted to study preparation. During this period, we received 

ethical review approval from IRD’s Institutional Review Board, completed staff training and 

a pilot survey in three unselected clusters outside Korangi town boundary, prepared IT 

infrastructure, and signed a subcontract with our current laboratory collaborator (Indus 

Hospital Clinical Laboratories).  

Rounds one to four of data collection were performed between 29 January and 20 October 

2016, including, on average, 1.5 months of initial household visits plus 0.5 month of data 

inspection and household revisits per round. Per the study protocol, three survey methods 

(EPI “random walk”, compact segment, and GIS-based sampling) were simultaneously 

implemented in the first four rounds. Round five was conducted exclusively with the lot 

quality assurance sampling method (LQAS) between 21 October and 31 December 2016. The 

progress of household visits and enrollments were visualized in Figure 2-2. Immune marker 

assessment enrollments and specimen collection activities were nested in household surveys. 

Laboratory assays were conducted from December 2016 to January 2017 for anti-measles IgG 

and from May to July 2017 for anti-tetanus toxoid IgG. The blood collection and testing 

procedures are described in Section 2.2.5 (page 46) and Section 4.3 (page 125).  

2.2.2 Field study team 

The field study team at IRD was established in November 2015, followed by 20 days of field 

staff training and five days of management staff training in December 2015 and early January 

2016. Short refresher courses were continually performed about once per week. Dr. Subhash 
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Chandir, the Maternal and Child Health team director at IRD, was the local principle 

investigator who supervised the project team in Pakistan. The project team was comprised of 

16 interviewers, 4 field supervisors (FS), 1 field coordinator (FC), 1 project nurse, 1 

phlebotomist, 1 onsite research associate (onsite RA), 1 field manager (FM), and 1 program 

manager (PM).  

Interviewers: 

Interviewers’ main responsibilities were to visit households with their FS, enroll children for 

the study survey and immune marker assessments, and fill out forms with an electronic 

survey data collection tool on their mobile phones. Paper forms were used in case that an 

electronic device was unavailable. Interviewers were also responsible for reporting 

unexpected events to their FS, assisting FSs with household selections, and assisting the 

project nurse or phlebotomist with blood collection. The majority of interviewers were 

female, who were more likely to be allowed into households than male interviewers. 

Field supervisors: 

Each field supervisor led a team of three or four workers. FSs reported directly to the FC and 

RA. FSs’ main responsibilities were related to data management, which included supervising 

workers, maintaining daily fieldwork logs, and creating and submitting sketch maps for EPI 

and CS methods. They were also responsible for submitting written reports to the FC 

concerning any unexpected events. 
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Other responsibilities included leading household interviews and household selection 

according to different survey methods, accompanying the project nurse and phlebotomist to 

households for blood collection, and ensuring that their team members carry sufficient 

supplies for the day in addition to completing their daily dispatch package list.  

Field coordinator: 

Our field coordinator was an experienced fieldwork supervisor. Her tasks were divided into 

three parts. First, she was responsible for daily data management activities. This included 

distributing and collecting paperwork (e.g. paper forms and informed consents), overseeing 

data entry operations, and checking data entry accuracy and integrity for 10% of randomly 

selected survey forms and logs. She reported all data issues to the RA and provided 

recommendations for correcting them going forward. Second, the field coordinator’s 

programmatic responsibilities included assisting the RA’s onsite work, coordinating 

transportation for teams and nurses/ phlebotomists, checking that equipment is operational 

(e.g. mobile devices, weigh scales), assisting the RA in interviewer training and performing 

review activities, monitoring of field supervisors’ performance, and reporting to FM. Third, 

she revisited households of children whose parents had refused participation in the immune 

marker assessment to confirm their intent (explained in Section 2.2.5 (page 46)). 

Project Nurse/Phlebotomist: 
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The phlebotomists’ main tasks were to perform in-household capillary blood collection, 

provide post exposure prophylaxis in case of an emergency unintended blood exposure 

accident, and check the condition of all blood collection supplies. They reported to the FC, 

RA, FM and PM. They also assisted the FC and RA in data management work. They were 

involved in data entry of blood collection and transportation logs.  

Onsite research associate:  

The onsite RA had a bachelor’s degree in business administration. Her main responsibilities 

were divided between data management and survey supporting. Her data management 

responsibilities included data monitoring, summarizing and reporting issues to the PM, 

responding to data queries, assisting in data quality investigations, reporting unexpected 

events to the FM & PM, organizing household revisits, and maintaining daily data backups. 

Survey support responsibilities included monitoring field teams’ performance and reporting 

performance issues to the FM & PM, assisting in interviewer training, monitoring condition 

and stock of equipment/supplies, and preparing digital cluster maps and satellite imagery. 

Field manager: 

The field manager was a public health professional with an advanced degree in Health Policy 

and Management and had experience in immunization program management. His main 

responsibilities were to manage human resources, communicate with community 

stakeholders, report unexpected events to the PM, investigate research ethics violations, and 
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assist in data quality investigations. Moreover, the FM ensured the availability of equipment 

and supplies, identified and reported security risks, and monitored the status of community 

engagement. The field manager reported to the PM daily and to the director on a weekly 

basis.  

Program manager (Wenfeng Gong):  

The program manager’s data management responsibilities included maintaining the data 

inspection software, leading data quality investigations, conducting field staff trainings, 

reporting study progress, conducting reviews of mapping methods, providing feedback to the 

FS, and checking the integrity of both signed consent forms and laboratory data. The 

program manager’s programmatic responsibilities included modifying protocol and survey 

forms, monitoring project team performance, and ensuring the availability of 

equipment/supplies. The program manager verbally reported to the investigators on a weekly 

basis, delivered written monthly reports to donors, and submitted yearly written reports to 

IRBs. 

2.2.3 Household survey preparation 

Preparation of the household surveys began in November 2015 after receiving the ethical 

review approval from the IRD Institutional Review Board. As we prepared the survey, we 

reached out to our partners within the government (provincial and city level) and 

community stakeholders to promote and explain the study. The study was endorsed by the 
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Sindh province EPI program and the Korangi Town Health Office. We selected the best 

candidates from IRD’s human resources pool and transferred an experienced field manager 

and field coordinator to this project. The roles in the project team are described in detail in 

Section 2.2.2 (page 36).  

To ensure a high level of quality, the field project teams underwent intensive training 

between December 15, 2015 and January 11, 2016. The training was designed based on the 

project Standard Operation Procedures (SOPs) and covered 11 major topics such as vaccine 

sciences and the EPI schedule, research ethics, household survey practice, informed consent 

practice, data recording and logging, three household sampling methods, and the use of the 

mobile phone-based data collection tool. The training was designed to optimize learning 

through group discussion, role playing, and practicing in the field. All team members passed 

a written exam designed by the project manager and a practical interview exam with a B 

grade or higher.  

After the training, interviewers conducted a three-day pilot study. In the pilot, three clusters 

outside, but close to, the proposed study area were selected. Interviewers enrolled 28 

children according to the SOPs taught during training; the team also collected blood samples 

from 10 children. The pilot study provided an opportunity for interviewers to practice the 

three main sampling methods and for FS to provide feedback before beginning data 

collection within the proposed study area. The following pilot exercises were performed: 
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1. Sketched a map the whole cluster with the method required for compact segment 

sampling and GIS-based sampling;  

2. Divided the cluster into subdivisions, i.e. segments, by each field supervisor in the 

field; 

3. Located the cluster on satellite imagery, printed the image for the cluster and 

compare with the sketching map; 

4. Examined and discussed the validity of subdivision definition by each field supervisor; 

5. Randomly selected a subdivision and validated if each building in the subdivision was 

correctly classified as residence dwelling and if the number of floors and the number 

of households on each floor was reasonably estimated for each multi-residential 

dwelling; 

6. Performed the second stage of cluster sampling in the subdivision with EPI cluster 

sampling methodology and recorded GPS coordinates; enrolled seven children by 

each team; each household was contacted with a maximum two attempts during the 

pilot; 

7. Requested for consent and conducted household interview or record refusal for each 

eligible household; 

8. After the interviews, performed random selection of children for biomarker 

assessment; 
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9. Performed blood collection with selected children; and transported the specimen to 

Indus Lab; 

10. Indus Lab processed the pilot specimens.  

11. Pilot survey results were processed by the data manager and a pilot data report was 

generated.  

The pilot study data were not used in final analysis. Problems identified in the pilot study 

were discussed among study team and solved before implementing the formal study data 

collection. 

2.2.4 Household survey implementation 

Before the first round of data collection, field staff were divided into four field teams, each 

with one field supervisor and three to four interviewers. Three survey methods (EPI 

“random walk”, compact segment, and GIS-based sampling) were simultaneously 

implemented in each round. In round one, team one used the EPI survey method, teams two 

and four utilized the CS survey method, and team three utilized the GIS survey method. 

Teams two and four finished the CS surveys in less than a month and spent the remainder of 

round 1 preparing hand-drawn CS survey maps for round two. Teams were assigned a 

different method for round two and shifted again in round three and four.  

The following describes a typical day of data collection: Teams spent about an hour in the 

morning to locate and travel to their assigned cluster. Then they spent 3.5 to 4 hours doing 
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household visits (9:30 am to 1:00 or 1:30 pm). In the afternoon, teams returned to the office 

to complete their documentation, resolve data queries, receive training, and have their lunch 

break. The workday ended at 5pm.  

Teams worked six days per week, which was divided into five days of initial household visits 

and one day of revisiting households that were not able to respond to or complete their 

interview during the initial visits. As shown in Figure 2-3, each interviewer made 5 to 17 

initial household visits per day. Inter-interviewer variability was likely the result of the 

survey method being used and the workload assigned to each interviewer by the FS. 

An electronic data collection tool on the Android platform was specifically developed for this 

study by IRD’s information technology subsidiary, Interactive Health Solutions (IHS). IHS 

has extensive experience in developing IT solutions for public health research and 

implementation projects. Our team worked closely with IHS throughout the application’s 

design, pilot, implementation, and troubleshooting process.  

Version 1.0 of the application was used during round one of data collection. This initial 

release featured multiple household visit recordings, real-time website-based database 

accessibility, and basic data validation. The questionnaire entry function had not been 

completed by the beginning of round one data collection, which therefore relied on paper 

survey forms.  
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Version 2.0 was used for data collection during the second round. Using this version, 

interviewers could use mobile phones to collect data for the entire survey including GPS 

coordinates and photos of vaccination cards. Version 2.0 also contained the randomization 

list for the immune marker assessment enrollment. The application was continually 

improved based on feedback from field teams in the rest of the study. Later versions had 

fewer bugs, a convenient auto-saving function, and extensive data validation features.  

In order to identify data errors and correct them as early as possible, an automated data 

inspection and cleaning facilitator system was developed and helped to ensure the data 

quality throughout the study.  

The field team kept consistent attention on work safety and data security. Unexpected events 

during fieldwork were immediately recorded and reported at the end of the day. On 

February 24, 2016, an interviewer was robbed in the street during work. Fortunately, no one 

was injured. As a result of the incident, however, two mobile devices used for the study were 

lost along with their stored data containing age information of 24 study participants but no 

individual identifiers. This event was reported to the institutional review committee 

overseeing the study. Following this event, we cancelled all cellular services on the stolen 

devices, installed a remote data deletion application onto the remaining mobile devices, 

provided additional safety training to our field teams, and implemented new rules that 

interviewers should operate in the field as a pair, if not a larger group.  
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2.2.5 Immune marker assessment activities 

Immune marker assessment activities were implemented during the surveys, including 

within-household finger capillary blood collection from participating children and 

laboratory-based serum processing and immune marker testing. The purpose of these 

activities was to evaluate the value of immune markers in vaccine coverage monitoring. 

Details are discussed in Chapter 4. 

One out of three survey participants, who completed the vaccination history section of the 

questionnaire, were randomly selected for an immune marker assessment after completing 

the main survey and then interviewers determined whether the participant was eligible to 

give blood. In the first round of data collection, interviewers called the FC or onsite RA to 

randomly select participants via a confidential randomization book. From the second round 

of data collection, the randomization book was built into the electronic data collection tool. 

For every questionnaire completed electronically, the application informed the interviewer 

of the predetermined randomization result. The sample size calculation is described in 

Section 2.4.6 and Section 4.3.  

Interviewers and the project nurse/phlebotomist recorded the reasons for any incident of 

refusal and insufficient blood collection (defined as <200µl whole blood). We observed an 

approximate refusal rate of 19% to participate in immune marker assessment activities. Lack 

of direct benefits, worries about the blood collection risks, and distrust of study staff by 

parents were the most commonly cited reasons for refusal.  
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We considered this refusal ratio of 19% to be acceptable given the difficulties of within-

household blood collection. Refusal was reduced from 23.5% in the first round of data 

collection to 13.0% in the second round. This was likely due to interviewers becoming more 

experienced in interacting with caregivers and communicating the study benefits. In 

addition, all households willing to be revisited but that had originally refused to participate 

in immune marker assessments during rounds one and two were revisited by our field 

coordinator. Because the field coordinator was more experienced in communicating with 

families and because she spoke more of the local language than other interviewers, she 

successfully enrolled 32 of 142 who had initially refused and were revisited. Households 

declining to participate after being visited by the field coordinator were considered 

“complete refusals” and were not visited again.  

The capillary blood collections were only practiced by the project nurse and the 

phlebotomist. Both had professional and educational backgrounds in patient care, including 

first aid. Additionally, both received a one-day training in January 2016 at Jinnah Hospital 

Karachi in capillary blood collection. Their blood collection practice had been tested 

internally according to the study SOP and was monitored in the field by video recording.  

Blood samples were processed and tested by the Indus Hospital Clinical Laboratories (Indus 

Lab) in Karachi, under subcontract with IRD. Indus Lab was a long-term collaborator of IRD 

and was certified by the International Organization for Standardization (ISO) and PNAC 

(Pakistan National Accreditation Council). Every specimen delivered to the lab by our 
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project nurse/phlebotomist was logged before and after serum preparation. The study 

protocol required blood samples to be delivered within two hours of collection and to be 

processed within one hour of delivery. Processed serum specimens were stored at -35 

°Celsius.  

Pilot lab tests were completed in June 2016. Our study team was closely involved in the 

preparation of the pilot testing protocol. During the piloting, four blood samples collected 

during pilot household surveys were tested for anti-tetanus toxoid antibody (IgG) and anti-

measles virus antibody (IgG) using commercially available ELISA kits. Two WHO 

international standards, TE-3 and 66/202 respectively, were also included in the two tests to 

confirm the accuracy of results. For both tests, ELISA optical density readings were generally 

consistent between duplicates. Results of both tests passed the quality requirements defined 

by kit manufactures. This pilot lab test indicates that the ELISA kit (Enzygonost, Siemens, 

Germany), the protocol, the lab condition and equipment were suitable for providing 

qualitative definition of anti-measles antibodies in our project specimens. However, the test 

precision of the anti-tetanus toxoid ELISA kit (Euroimmun, Germany; model: EI 2060-

9601G) was not sufficient to classify our samples at a desired qualitative threshod of 0.1 

IU/ml. Additional pilot studies were performed, in October and November 2016, to compare 

the Euroimmun kit with three other commercially available anti-tetanus toxoid ELISA kits 

from IBL International (model: RE56901), Serion (model: ESR108G), and The Binding Site 
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(model: MK010). Euroimmun kit was determined as the reletively most reliable kit and was 

used to test all specimens from May to July 2017.  

2.2.6 Data management 

Field interviewers, i.e. fieldworkers, collected data through either mobile phone or paper-

based forms. Value limits were placed for each question in the electronic forms to ensure that 

responses were within the likely range of results, for example, the number of children in the 

household must be between 0-20. Paper recorded surveys were double entered into the 

database. The paper records, sketch maps of the survey areas, enrollment sheets and other 

logs were stored confidentially. Research associates validated the data entry of HBRs 

(vaccination cards) by comparing with the digital photos of the HBRs taken in the field. 

Designated data servers were used to store data uploaded from data collection devices. The 

servers were managed by experienced data managers with standard backup procedures.  

2.3 Survey sampling and enrollment methods 

2.3.1 EPI cluster sampling  

The sampling process of the EPI cluster survey strictly followed the 2005 WHO/IVB 

reference manual (47). Each round of EPI survey included 30 clusters with 7 households in 

each cluster. The 30 clusters in each round of EPI surveys were sampled without 

replacement, which means the same clusters were not selected in more than one round of 

the EPI survey. However, within each round, clusters were sampled independently with 
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replacement for different types of surveys, which means a cluster might have been selected 

for both the EPI and compact segment sampling surveys in one round or in different rounds, 

but a cluster was not selected twice in multiple rounds of EPI surveys. Identification of 

clusters was based on the pre-defined enumeration blocks (EB) by the Pakistan Bureau of 

Statistics (PBS) which divided the 9 union councils of Korangi town into a number of blocks 

with 200 to 250 households in each block (70). The enumeration blocks were successfully 

used by the 2012-13 Pakistan DHS survey.    

The clusters had boundaries identifiable with roads and landmarks, and were physically 

located by field supervisors with the help of maps and knowledgeable informants. Clusters 

were randomly sampled with probability proportional to size (PPS) sampling. The detailed 

procedure was described in the 2005 WHO/IVB EPI survey reference manual, Annex D. No 

inaccessible clusters or clusters with security concerns were identified and none were 

excluded in sampling.  

Advance notices regarding the survey were distributed to the Korangi Town Health Office 

(THO) and EPI centers prior to the field visits. A formal letter was issued to the officials with 

introduction of the study and a request for permission to make necessary contacts in the 

community. An approval letter was issued by THO.  

According to the reference manual, the selection of initial households in each cluster started 

from the selection of a subdivision of the cluster where the initial household should be 
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located. Subdivisions in an enumeration block (or cluster) were determined by buildings or 

street blocks with approximately equal households or which can be grouped to obtain 

roughly equal household distribution. A subdivision comprised no more than 50 households. 

Once a subdivision was randomly selected in a cluster, a complete listing of households in 

the subdivision was performed. If the subdivision comprised a multifamily dwelling, one 

floor was chosen at random before listing all households living on the selected floor. The 

listing was created using street address and apartment number or using any ad hoc reference. 

The field supervisor identified local people knowledgeable about the area to advise whether 

the listing was reasonable. Once the households were enumerated on the list, one household 

was randomly selected in the subdivision as the first household to visit.  

After visiting the first household, the second household to be visited was the one that was 

reached in the shortest time from the first. If the first household was located in a multifamily 

dwelling, the second household to visit was the door nearest to the first. If two households 

were the same distance apart, the one on the right side was chosen. After all households on 

the floor were visited, the team randomly chose a direction up or down stairs until the whole 

building was visited. If multiple families lived together, such as sharing the same kitchen and 

dining together, they were considered a single household and only the youngest eligible 

child was enrolled. All random selections were done with a random number generator 

application installed in interviewers’ mobile data collection devices.  
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2.3.2 Compact segment sampling  

In compact segment sampling (55, 56), clusters were also randomly chosen with probability 

proportional to population size. However, the method of defining and selecting subdivisions 

within each cluster, which were called segments in compact segment sampling, was more 

rigorous and required more effort. Sampling of clusters for the compact segment surveys was 

independent of the sampling for the EPI surveys.  

A sketch map was drawn for each selected cluster, showing streets, landmarks, dwellings, as 

well as the number of floors and the number of households per floor of multifamily 

dwellings. In order to observe the amount of effort involved in this process, this process was 

not facilitated using satellite images. Based on the sketch map, the cluster was then split into 

a small number of segments. The number of households in each segment of a cluster was 

roughly the same, and the number of households in segments from any two clusters was 

approximately the same. Field supervisors were required to have good understanding of the 

community and to carefully estimate the household density in a given type of dwelling. The 

true number of households in selected segments was recorded and was used as a quality 

control indicator.  

One segment was selected randomly from each cluster and all households in the segment 

were visited. All households with eligible children were invited for enrollment. There was 

no limit to the maximum number of enrollments in each cluster.  
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2.3.3 GIS-based sampling 

Satellite imagery and GIS tools can help researchers sample households prior to the 

fieldwork. Minimizing field preparation time is particularly important for areas with security 

concerns and/or residents are sensitive to field research teams, especially interviewers with 

satellite imagery and handheld GPS devices. This technique may not only save time and 

effort of the fieldwork but also limits the subjectivity inherent by having the field supervisor 

make judgments during fieldwork. In rural or peri-urban areas, where single-story dwellings 

are universal and single-family households are common, household listings are approximated 

by recognizing and enumerating dwellings from satellite imagery (60). However, in the 

current study, multi-floor multi-family dwellings are common in Korangi town and the 

heterogeneity of household types can often be observed within the community. While 

satellite imagery shows the size and shape of buildings, the number of floors of buildings 

cannot be observed. Therefore, in order to sample households with GIS, additional 

information is needed through field observations, which is an important difference of the 

current study with the existing published methods.  

We developed a method called GIS-based centric systematic area sampling to minimize field 

work time. Instead of selecting enumeration blocks as clusters based on size, clusters were 

defined as quadrats, which were small in size. The procedures are described as follow:  
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1. Korangi town was divided into hundreds of quadrats, which were non-overlapping 

squares of equal area on a map (180×180 meters); the size of quadrats was smaller than 

typical enumeration blocks. 

2. 30 quadrats were randomly selected in each round; quadrats at the periphery of the town 

were excluded if less than 50% of the quadrat area fell within the town boundaries. 

3. For each selected quadrat, built-up structures were manually identified and listed in 

sequence based in their distance to the geographic center of the quadrat, with the closest 

listed first. Structures known to be non-residential buildings were excluded. The 

remaining structures were called “dwellings.” 

4. On the interview day, the field staff located the geographic center of each selected 

quadrat with printed satellite imagery, digital imagery preloaded in tablets, and GPS 

devices. 

5. Household visits started in the dwelling closest to the center. If it was a multi-household 

dwelling, all the households in the dwelling were enumerated and one among them was 

randomly selected as the initial household. 

6. The next household to visit was the next door on the right hand until all household on 

the same floor were visited; a coin toss was used to choose between going upstairs or 

downstairs until all households in the dwelling were visited; then, the second dwelling 

listed was visited. 
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7. New dwellings not shown in satellite imagery were added to the dwelling list according 

to the distance to the geographic center; dwellings with no residents were skipped. 

8. For estimation of coverage, the subjects interviewed in each cluster were weighted to the 

number of dwellings in the quadrat. The weight based on the number of dwellings was 

an approximate to the weight based on the population size. The approximation was based 

on two assumptions: the density of households per dwelling is similar across quadrats, 

and the number of residents in each household is similar across quadrates. In other 

words, the probability of a household being selected was approximately proportionate to 

the population size of quadrate. 

With this method, household sampling within each cluster was similar to the EPI “random 

walk”, except that the “walk” involved dwellings close to the center of quadrat. The purpose 

was to minimize fieldwork time, but a greater design effect might be the negative 

consequence. Compared to EPI sampling, the selection of the initial household was less 

prone to subjectivity.  Compared to compact segment sampling, the subjectivity of defining 

subdivisions was removed. 

The satellite imagery of Korangi town was procured from Apollo Mapping in December 

2015. Two raw images taken by WorldView-3 satellite sensor, on November 7, and 

December 1, 2015 respectively (4-band; 42 sq km and 1 sq km; 30cm and 50cm resolution), 

were combined, ortho-rectified and color balanced to form the final product. ArcGIS 10.1 

software was used to process the imagery.  
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2.3.4 LQAS sampling 

Lot quality assurance sampling (LQAS) in the current study was conducted following the 

instructions given in the WHO/IVB Description and Comparison of the Methods of Cluster 

Sampling and Lot Quality Assurance Sampling to Assess Immunization Coverage (71) and the 

Global Polio Eradication Initiative Clustered LQAS Field Manual (58). “Lot” was defined by 

the administrative boundary of union councils. There was a total of nine union councils in 

Korangi town. In each lot/union council, 60 children were sampled in six different clusters, 

each of 10 children. The six clusters of each lot were selected with PPS sampling, which was 

similar to the first stage of EPI cluster sampling but, instead of listing all clusters in the town, 

the selection was limited within each lot. In each cluster, the second stage of sampling, i.e. 

sampling of households, was similar to the second stage of the EPI cluster sampling method, 

except that, according to the LQAS Field Manual (58), the interviewer skipped two 

households every time before moving to the next household, i.e. an interval of two between 

households. 
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Table 2-2 Comparison between EPI cluster sampling method and the alternatives 

 EPI cluster sampling (random walk) Compact segment sampling GIS-based sampling 

Key 
Reference 

WHO_IVB_04.23 EPI reference manual Turner et.al. 1996 (55) 
Milligan et.al. 2004 (56) 

Modified from centric systematic area 
sampling by Myatt et.al. 2005 (51) 

Application Widely applied in the world for 
vaccination coverage and other purposes 

Used in MICS by a number of 
countries 

New method, not used before  

Description 1. 30 clusters selected with 
probability proportional to size at the last 
census; 
2. Starts at a central point in each selected 
cluster; select a random direction at the 
point; 
3. Randomly pick a dwelling along the line 
from the center to community edge; (all 
households are selected in multi-
household dwelling); 
4. Next nearest household is selected in 
turn until seven children are included; 

1. Clusters selected with 
probability proportional to size at 
the last census; 
2. Sketch map drawn of each 
selected cluster; 
3. Cluster split into segments with 
same dwellings; 
4. Randomly pick one segment from 
each cluster; 
5. All households in the picked 
segment are included; 

1. Define clusters as hundreds of non-
overlapping squares of equal areas 
(quadrates) on a GIS map; random select; 
2. Enumerate all build-up structures on 
satellite imagery; sequence based on 
distance to geographic center of quadrat, 
regardless residential type and size;  
3. Visit dwellings in sequence and skip 
non-residential structures until target 
number of households are enrolled; 
4. Weight subjects to the population size 
of corresponding quadrat in analysis; 

Pros 1. Approximately self-weighting, i.e. 
children are selected in identical overall 
probability, if sample frame from latest 
census is accurate and current; 
2. Fast, easy and low-cost in field 
implementation; 

1. Avoid subjectivity and intentional 
or unintentional potential bias in 
household selection by interviewer;  
2. Self-weighting, allow change in 
cluster population since the last 
census if dwelling change is 
proportional to population change;  

1. Minimize field visit time and potential 
risks; save time on sketching maps by 
using satellite imagery; 
2. Remove subjectivity of mapping and 
segment definition; less subjectivity of 
household selection; 
3. Oversample households in unpopulated 
areas; 
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Cons 1. Probability of household or child 
selection is unknown; must assume 
random selection within cluster; 
2. Prone to sampling bias due to 
subjectivity of household selection; 
“pocketing” of vaccinated amplify the 
problem; 
 

1. Consume relatively more time in 
field for sampling preparation; 
2. Segment may be difficult to 
delineate in less organized rural 
community; 
3. Segment may be homogeneous, 
therefore lead to high design effect; 
4. Subjectivity in definition of 
segments; 

1. Rely on availability of high quality, 
accurate, recent satellite imagery;  
2. Not a self-weighting design and may be 
biased by inaccurate estimation of per-
quadrate population size; 
3. Subjectivity in recognizing residential 
buildings; 
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2.3.5 Eligibility screening and enrollment  

Sampled households were visited by interviewers on working days between 9 am and 4 pm. 

A household was eligible if at least one child between 12 and 23 months of age lived in the 

household. If more than one eligible child lived in the household, the interviewer would 

write down the children’s ages in order of increasing age and select the youngest child as the 

target child. This was a standard method in EPI cluster surveys because they are conducted 

to represent the most recent performance of the immunization system. The interviewer 

asked to speak with the mother of the selected child. If the mother did not live in the 

household, the interviewer would ask if the mother was the primary caregiver of the child 

and request to speak with the primary caregiver of the child. If the mother (or primary 

caregiver) was not present at the time of the visit the interviewer would schedule a follow-

up appointment. The inclusion and exclusion criteria for enrollment are listed in Table 2-3. 

Table 2-3 Inclusion and exclusion criteria for subject enrollment 

INCLUSION CRITERIA: 

 Child between 12 and 23 months of age (12m0d – 23m 30d) 

 Youngest child in household with more than one eligible child 

 Mother or primary caregiver was present at time of interview 

 Informed consent provided by mother or primary caregiver on behalf of eligible child 
EXCLUSION CRITERIA for analysis for primary coverage indicators: 

 Surveys done following two unsuccessful household visits, i.e. mother or primary caregiver 
was not present or would like to reschedule the interview at both the first and the second 
visits in the household 

EXCLUSION CRITERIA for antibody assessment: 

 Child was too sick at time of visit to provide blood sample 

 Child was not present at time of survey and cannot be followed-up after two attempts 
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NOTE:  

 There was a small chance a child might be sampled for more than one survey of this study. 
Children who participated in one survey were still eligible to following surveys, but the 
interview would be not done again in the household, instead, existing data were copied 

 

If no respondent was available during the first visit, i.e. no person answered the door, or, if 

the mother or primary caregiver was not present during the visit, or, if the respondent would 

like to reschedule the interview because a busy schedule on that day, the household would 

be revisited and the interviewer would leave a message at the household indicating when the 

interviewers were likely to return, leave a phone number for contact, and request a contact 

phone number. If the second visit was still unsuccessful, the household was considered not 

likely to be enrolled in most vaccination coverage survey methods. Two more attempts 

would be made to enroll the household, but even if a survey was done, the child was not 

included in the main analysis, but in the sensitivity analyses. The same method was applied 

to households with a respondent but interviewers were not able to interview the mother or 

primary caregiver of the target child.  

If the mother or primary caregiver refused to respond or did not consent, the child was not 

enrolled but the interviewer still recorded four pieces of information: the reasons for refusal, 

willingness of being revisited, the number of children in the household, and the GPS 

coordinates of the household, unless the respondent refused to provide such information. 

This information was used to assess potential bias of the surveys.  
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If the mother or primary caregiver of an eligible child was present, the interviewer provided 

a detailed explanation of the information contained in the informed consent form, answered 

questions and requested written informed consent from the respondent. The informed 

consent was available in English, Sindhi, and Urdu. Before the consent was signed, the 

respondent was asked if she or the child had already participated in this study. This 

duplication of sampling was possible since multiple sampling processes were conducted in 

the same area, but it was rare given the relatively small fraction of the population sampled. 

Field staff were instructed not to intentionally avoid duplication, as that might lead to 

unintentional subjectivity of sampling. Interviewers recorded the duplication. The 

households were not surveyed a second time, but the data of this child was used twice in the 

analysis. 

2.4 Sample size calculation  

Sample sizes of the surveys were determined to meet the needs of sampling method 

comparison and sample size of the nested antibody assessment was determined for the 

estimation of true vaccine coverage indicators. Among all indicators described in Section 2.5, 

coverage of Penta3 (i.e. the third dose of pentavalent vaccine) was selected as the primary 

indicator for sample size calculation, as it is the most commonly used indicator for 

monitoring immunization system. In Pakistan and most Gavi countries, Measles1 coverage is 

close to Penta3 coverage.  
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The goal of the sample size calculation was, for each survey type, to determine the need of 𝑅 

rounds of surveys each having 𝑚 clusters (i.e. primary sampling units, PSUs) and 𝑛 enrolled 

children in each cluster (i.e. number of elements, SSUs). So that the 𝑁 = 𝑛 ∗ 𝑚 number of 

subjects per round per survey type lead to an estimation of Penta3 coverage with designed 

margin of error equal to 𝑑%, i.e. desired level of precision, which means that we have 95% 

confidence (1 − 𝛼) that the estimated coverage 𝑝 does not exceed the limit of true coverage 

𝑃 ± 𝑑%.  In addition, after survey estimates from all the 𝑅 rounds were combined and 

compared across survey types, we could test the null hypothesis that two survey types 

generate equal estimates of coverage with a significance level (𝛼) of 5% (two-sided) and a 

power (1 − 𝛽) of 80%.  

2.4.1 EPI cluster survey sample size 

The EPI reference manual (47) recommends a 30 × 7 design, i.e. 30 clusters and 7 

observation in each cluster, for rapid vaccination coverage estimation with a desired 

precision of ±10%. We recognized the importance of calculating sample size for specific 

research settings and research questions. However, the 30 × 7 design is the most commonly 

used method for rapid vaccination coverage estimation. Given the aim of this current study 

to compare across survey methods and recommend improvement to the current methods, it 

was reasonable to apply the popular 30 × 7 design for comparison. The 30 × 7 design was 

developed through the following calculation:  
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First, assume a significance level of 5% and a “standard” design effect (DEFF) of 2, based on 

experience.   

Second, pre-determine the number of selected clusters to be 30.  This number was 

determined by a tradeoff between: 1). Spending more time and effort in survey preparation 

and transportation necessitated by having more clusters; and 2). A higher design effect and 

the risk of being unable to find enough eligible children in each cluster by having fewer 

clusters. Pre-determining the cluster number to be 30 is a common practice for cluster 

sampling methods. Since there were approximately 300 enumeration blocks in Korangi town, 

selecting 30 clusters per round per survey type is reasonable.  

Third, find the expected vaccination coverage 𝑝. According to 2012-13 Pakistan DHS (70), 

the Penta3 coverage in urban areas, rural areas, and Sindh Province was 79.0%, 59.0%, and 

38.6% respectively. Shown in a preliminary analysis of the ZM mHealth registry data in 

Korangi town, the Penta3 coverage among the ZM participants was 77%. Given that a 

majority of newborns in Korangi town are enrolled in the ZM program, 77% was used as 

prior knowledge of Penta3 coverage for sample size calculation. 

Fourth, calculate the number of children to be surveyed per cluster using Equation 2-1:  

Equation 2-1: EPI cluster survey sample size calculation 

𝑁𝑚𝑖𝑛 = 𝐷𝐸𝐹𝐹 ×
𝑧

1−
𝛼

2

2 × 𝑝 × (1 − 𝑝)

𝑑2
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𝑁𝑚𝑖𝑛 = 2 ×
1.962×0.77×(1−0.77)

0.102 =136 

𝑛𝑚𝑖𝑛 =
𝑁𝑚𝑖𝑛

𝑚
=

136

30
= 5 

 

Though the calculation suggested 5 enrolled children were enough for each cluster, the 

sample size suggestion in WHO/IVB reference manual suggests no less than 7 enrollments in 

each cluster; the reason for selecting 7 children was not further described in the manual.  

Assuming a refusal rate of 10% and a proportion of 18.5% household having eligible children 

(approximated by dividing 31 thousand total infants in Korangi town by the population of 

1.1 million then multiple by the average household size of 6.58), a minimum 42 household 

visits was needed in each cluster to enroll 7 children.  

2.4.2 Compact segment survey sample size 

The total number of enrollments for one round of compact segment survey were also 

calculated using Equation 2-1. The “standard” design effect of EPI cluster surveys was 

assumed, while predicting the design effect given a certain cluster design would probably 

make the calculation more flexible in this case.  The value of the design effect is positively 

related to the cluster size and the homogeneity of samples in a given cluster, shown in 

Equation 2-2.  
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Equation 2-2: Design effect calculation 

𝐷𝐸𝐹𝐹 = 1 + [(𝑛 − 1) × 𝐼𝐶𝐶] 

 

The intraclass correlation coefficient (ICC), i.e. homogeneity, is defined as the proportion of 

overall variance of coverage explained by the between-cluster variance of coverage.  ICC is 1 

when within-cluster variance is zero, or so called perfect homogeneity; ICC is 1 − 𝑛/(𝑛 − 1) 

when between-cluster variance is zero, or so called perfect heterogeneity.  Milligan et.al. (56) 

suggested that 0.15 is a typical level of homogeneity for vaccination coverage.   

If segments were constructed as each having about 45-50 households, 7 children were 

expected to be enrolled. The predicted design effect was about 2.  We considered this 

predicted design effect to be conservative as the design effect for DHS estimation of Penta3 

coverage was 1.76 and 1.10 respectively for urban Pakistan and Sindh province. Admittedly, 

the design effect of compact segment sampling should be theoretically higher than the DHS 

sampling, which applied sample random sampling of households within clusters.  

Therefore, selecting a total of 30 clusters and define segments with about 40 households in 

each segment would give a predicted sample size of 210, the same as one round of EPI cluster 

survey. The Penta3 coverage estimate was predicted to have a precision of ±10%. It should 

be noted that the prediction of the average number of eligible children per household and 

the refusal rate was approximated initially but confirmed during the pilot study.  
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2.4.3 GIS and grid-based sampling survey sample size 

Sample size calculation for GIS-based sampling was identical to the calculation for EPI 

cluster sampling.  The conservative design effect value of 2 was applied. Therefore, 210 

children were expected to be enrolled in 30 clusters for one round of GIS-based sampling 

survey to estimate Penta3 coverage with 10% margin of error.  

2.4.4 LQAS surveys 

The goal of sample size calculation was different for LQAS surveys. Each of the nine lots 

(defined as union councils) should be classified on the basis of the proportion of Penta3 

unvaccinated (1-coverage) as acceptable (below a defined low threshold) or unacceptable 

(above a defined high threshold).  The current study followed the instructions in the WHO 

GPEI LQAS Field Manual (58), which specified a design of selecting 6 clusters in each lot and 

enrolling 10 individuals in each cluster.  The following decision rules are applied:  

1. 0-3 unvaccinated (out of 60): coverage is accepted (i.e. above 90%); 

2. 4-8 unvaccinated (out of 60): coverage is either accepted or unaccepted; 

3. 9 or more unvaccinated (out of 60): coverage is unaccepted (i.e. lack of evidence that 

it is above 80%);  

A simple calculation showed that this set of decision rules would lead to an expected 𝛼 error 

less than 12% and an expected β error less than 20%. Under this design, one round of LQAS 

survey will enroll totally 540 children with 60 per each of the 9 union councils.  
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2.4.5 Sample size for survey comparison 

Assuming the multiple rounds of surveys with the same survey type were independent and 

homogenous, i.e. the underlining coverage does not change, we can simply combine 𝑅 

rounds of smaller surveys with size 𝑁 of 210 into a hypothetical single large survey with size 

of 𝑁 × 𝑅.  Equation 2-3 was modified from Fleiss et.al. (Equation 4.14 in original book) (72) 

for sample size calculation to test for difference in vaccination coverage estimates from two 

independent samples with equal size 𝑁 × 𝑅.  

Equation 2-3: Sample size calculation for survey comparison 

𝑁 × 𝑅 = 𝐷𝐸𝐹𝐹 ×
[𝑧

1−
𝛼

2

× √2 × �̅� × (1 − �̅�) + 𝑧1−𝛽 × √𝑝𝐴 × (1 − 𝑝𝐴) + 𝑝𝐵 × (1 − 𝑝𝐵)]
2

(𝑝𝐴 − 𝑝𝐵)2
 

Where 𝑝𝐴 and 𝑝𝐵 are estimates of coverage by two hypothetical large surveys each have 𝑁 ×

𝑅 samples; �̅� is the average of 𝑝𝐴 and 𝑝𝐵.  

Fleiss et.al. (72) suggested Equation 2-4 (Equation 4.15 in original book) to incorporate the 

continuity correction in the test statistic.  The results kept similar after continuity correction 

in this case. 

Equation 2-4: Sample size calculation for survey comparison with continuity correction 

(𝑁 × 𝑅)′ =
𝑁 × 𝑅

4
(1 + √1 +

4

𝑁 × 𝑅|𝑝𝐴 − 𝑝𝐵|
)

2
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Assuming the underlining Penta3 coverage is 77%, under different scenarios of observed 

coverage estimates in comparison, the total sample size needed for all rounds are shown 

below: 

PA 77 77 77 77 77 77 77 77 77 77 77 77 

PB 67 68 69 71 73 75 79 81 83 85 86 87 

N*R 630 770 963 1674 3673 14298 13451 3249 1391 752 581 461 

 

Given that 210 children were enrolled per round, four rounds of data collection would allow 

us to detect an 8.5% margin of coverage difference between two compared types of surveys. 

In the current study, EPI cluster sampling, compact segment sampling, and GIS-based 

sampling were repeated 4 times (rounds) with replacement. LQAS was not repeated because 

a comparison of coverage estimates between LQAS and the other samplings was not a 

priority of the study. LQAS was mainly applied to identify under-vaccinated lots rather than 

to estimate coverage and, when it is used for coverage estimation, the precision is higher 

than a single EPI survey with a heavier work load requirement to conduct the LQAS survey 

(62).  

2.4.6 Sample size considerations for nested biomarker assessment 

The sample size calculation for the nested immune marker assessments was based on 

estimating the bias of oral recall, which was an important intermediate parameter in the 
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latent class model. The problem was simplified to estimating sensitivity and specificity of oral 

recall, using paired serological results as the reference, among subsequently enrolled children 

who presented no HBR. Thus, the sample size for sensitivity and specificity estimation was 

determined using Buderer’s formula (73, 74) shown in Equation 2-5. 

Equation 2-5: Sample size calculation for sensitivity and specificity estimation 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑧

1−
𝛼

2

2 × 𝑆𝑁 × (1 − 𝑆𝑁)

𝐿2 × 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒
 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑧

1−
𝛼

2

2 × 𝑆𝑃 × (1 − 𝑆𝑃)

𝐿2 × (1 − 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒)
 

Note: 𝑆𝑁 is anticipated sensitivity; 𝑆𝑃 is anticipated specificity; 𝐿 is absolute precision 

desired on either side of sensitivity or specificity; 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 refers to percent positive 

antibody detection. 

 

Assuming a 5% desired precision and an 80% anticipated positivity of antibody detection, 

353 children without HBRs were needed based on an anticipated specificity of 90%; or, 206 

were needed based on an anticipated sensitivity of 70%. The 2012-13 Pakistan DHS (70) has 

shown that 45.7%, 31.7%, and 25.9% of the enrolled households in urban Pakistan, rural 

Pakistan, and Sindh province respectively had valid HBRs retained during survey. To be 

conservative, we assumed that 50% of the enrolled children would have no HBRs. For a 

range of true coverage, anticipated sensitivity and specificity of mother’s recall, the required 

size of the samples who rely on mother’s recall and tested for antibodies are listed below: 
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True coverage 
among no cards 

Anticipated 
sensitivity 

Sample size based 
on sensitivity 

Anticipated 
specificity 

Sample size based 
on specificity 

60 % 60 % 314 60 % 471 

60 % 70 % 275 70 % 412 

60 % 80 % 210 80 % 314 

60 % 90 % 118 90 % 177 

60 % 95 % 63 95 % 94 

65 % 60 % 290 60 % 538 

65 % 70 % 254 70 % 471 

65 % 80 % 193 80 % 359 

65 % 90 % 109 90 % 202 

65 % 95 % 58 95 % 107 

70 % 60 % 269 60 % 628 

70 % 70 % 236 70 % 549 

70 % 80 % 180 80 % 419 

70 % 90 % 101 90 % 236 

70 % 95 % 54 95 % 125 

75 % 60 % 251 60 % 753 

75 % 70 % 220 70 % 659 

75 % 80 % 168 80 % 502 

75 % 90 % 95 90 % 283 

75 % 95 % 50 95 % 149 

80 % 60 % 236 60 % 941 

80 % 70 % 206 70 % 824 

80 % 80 % 157 80 % 628 

80 % 90 % 89 90 % 353 

80 % 95 % 47 95 % 187 

 

The highlighted scenarios in the table above are considered more reasonable assumptions, 

under which 353 children with mother’s recall on coverage are required to be enrolled in 

biomarker assessment.  As discussed above, 50% of the enrolled samples were assumed to 

rely on mother’s recall.  Thus, at least 706 children were needed for biomarker assessment, 

which will account for 23.1% of the 3,060 children to be enrolled in all surveys.  Assuming a 

25% [q] refusal ratio, one of three [p/(1-q)] caregivers who completed the vaccine coverage 
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survey were approached for consent of their child to participate in the subsequent immune 

marker assessments. 

The children enrolled in biomarker assessment who also had a HBR seen were not wasted 

but instead were used to verify the prior knowledge on sensitivity and specificity for 

ascertaining vaccination using biomarker assessment.  This is not a priority for sample size 

calculation and is not the basis for the calculation.  

The samples for biomarker assessment were evenly spread across survey types and rounds, in 

order to evenly distribute the workload over time; ensure a wider geographic distribution of 

biomarker samples; and create potential to triangulate each survey with the nested 

biomarker assessments.  

2.5 Household survey measures 

Identical survey instruments were used in all the four types of survey, to allow comparisons 

across surveys and facilitate general analysis of the data. Questions about vaccination 

coverage and timeliness were modified from standard EPI survey instruments and the 2012 

Pakistan DHS instrument. The survey instruments are attached in Appendix Appendix B 

Demonstration of electronic data collection tool(page 184). 
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2.5.1 Measures of vaccination coverage and timeliness 

The primary outcome of the household surveys was estimation of the coverage and 

timeliness of routine vaccinations among children in Korangi town. This provided the basis 

for the comparison between survey methods and the triangulation with immune markers.  

Coverage and timeliness were measured for 12 vaccine doses, namely BCG, Penta1, Penta2, 

Penta3, Measles1, Measles2, Polio1, Polio2, Polio3, PCV1, PCV2, and PCV3. For polio 

vaccination, since IPV was introduced in Pakistan in late 2015, the questionnaire 

distinguished the use of OPV and IPV when necessary. Vaccination through polio and 

measles campaigns were distinguished from routine immunization. 

As in previous Pakistan DHS surveys and common EPI surveys, information on vaccination 

coverage was collected in two ways: from immunization cards shown to the interviewer and 

from mothers’ verbal reports. If the immunization card was available, the interviewer would 

copy the immunization dates directly onto the questionnaire and take a digital photo for 

validation of the data entry. Regardless of card availability, the respondent was asked to 

recall the vaccines given to her child and the approximate administration dates. In addition, 

for each vaccine, the interviewer tried to ascertain the programmatic site of vaccination, 

namely, hospital, health center, private, non-governmental organization, community center, 

or household. Interviewers were provided a list of common venues to help with recall.  

The survey data were used to estimate the following indicators:  



73 

 

Immunization card retention rate - Among children enrolled in each survey, this was the 

proportion of children who ever had a card; claimed having a card at the time of survey; or 

presented the card to interviewers.  

Immunization system access - This was the proportion of children, enrolled in each survey, 

who ever received BCG (assessed by card, or scar, or card and history); who ever received 

Penta1 (card or, card and history); or who ever received any vaccine.  

Immunization system utilization (drop-out rate) - This was the percentage difference in 

coverage of children, enrolled in each survey, between BCG and MCV1; between Penta1 and 

MCV1; between Penta1 and Penta3; and between Penta3 and MCV1, for example,  

Penta1 and Penta3 dropout =
Penta1 Coverage − Penta3 Coverage

Penta1 Coverage
× 100%  

Penta3, Polio3, PCV3, or Measles1 coverage at 12 to 23 months - This was the proportion of 

children, enrolled in each survey, who received three doses of pentavalent vaccine, three 

doses of polio vaccine, three doses of PCV, or one dose of measles vaccine by the time of 

survey, each calculated separately. This is a commonly used indicator in WUENIC, DHS and 

MICS reports and EPI survey reports for countries that introduce all primary vaccination 

before 12 months of age. This indicator is not biased by missing values in children’s age.  

Penta3, Polio3, PCV3, or Measles1 coverage at 12 months - This was the proportion of 

children enrolled in each survey who received three doses of pentavalent vaccine, three 

doses of polio vaccine, three doses of PCV, or one dose of measles vaccine by their 12 months 
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of age, each calculated separately. This is a commonly used indicator by Gavi to measure the 

timeliness of vaccination. 

Proportion of fully immunized children - This was the proportion of children 12-23 months 

of age, enrolled in each survey, who had received three doses of Penta vaccine, three doses of 

polio vaccine (excluding the polio vaccine given at birth), and one dose of measles vaccine by 

the time of survey. This is a commonly used indicator in WUENIC, DHS reports and EPI 

survey reports.  

Proportion of fully immunized children at 12 months - This was the proportion of children 

12-23 months of age, enrolled in each survey, who had received three doses of Penta vaccine, 

three doses of polio vaccine (excluding the polio vaccine given at birth), and one dose of 

measles vaccine by 12 months of age. Children with insufficient information on vaccination 

dates are excluded.  

Proportion timely receipt of vaccine doses - This was the proportion, for each dose of vaccine, 

that children received the vaccine in a timely fashion. A child was generally (but with 

exceptions) labeled as having had timely receipt if the child was vaccinated within 2 weeks 

of the scheduled date for each of Penta, Polio or PCV doses, or within the first and second 

year of age respectively for MCV1 and MCV2 doses. In detail, a child was classified as timely 

vaccinated with Penta1, OPV1 or PCV1 if the infant received the first dose of vaccine 

between 6 and 8 weeks of age. A child was classified as timely vaccinated with Penta2, 
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Polio2, or PCV2 if the infant received the second vaccine after 4 weeks but within 6 weeks 

of the date of first dose receipt (4 weeks minimum interval between doses +2 weeks of 

maximum allowed delay). For MCV1, a child was classified as having had timely receipt if 

the child received the first dose of measles vaccine between 9 and 11 months of age. MCV 

doses given before 9 months of age were not considered as routine immunization activity and 

two routine doses were still required on or after 9 months of age. For MCV2, a child was 

classified as having had timely receipt if the child received the second dose of measles 

vaccine after 4 months of the date of MCV1 receipt but by 24 months of age. MCV2 coverage 

at 24 months of age cannot be directly calculated from the survey data because the sample 

size of children 15-23 months old was too small. The definition of timeliness in Table 2-4 is 

not standardized by WHO, while the minimum acceptable age criteria were specified in 

WHO EPI vaccination schedule. Doses received before the minimum acceptable age are 

called “invalid doses.” 

Table 2-4 Recommended and minimum acceptable ages for routine vaccines and definition of 
timely vaccination in the current study 

ANTIGEN & DOSE MINIMUM 
ACCEPTABLE AGE 

RECOMMENDED TIMELY 

BCG Birth 0 weeks / 0 days 0-28 days 
OPV1/PENTA1/PCV1 6 weeks 6 weeks / 42 days 42-56 days 
OPV2/PENTA2/PCV2 10 weeks 10 weeks / 70 days 28-42 days after 1st dose 
OPV3/PENTA3/PCV3 14 weeks 14 weeks / 98 days 28-42 days after 2nd dose 
MCV1 38 weeks 38 weeks / 266 days 266-365 days 
MCV2 52 weeks 65 weeks / 455 days 120 days after 1st dose -730 days 
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The current study used a modified version of the standard EPI cluster survey form to record 

vaccination and timeliness. A template is available in WHO_IVB EPI Reference Manual (47) 

Form G.1. published in 2005.  

2.5.2 Other measures  

Background characteristics 

The variables included: household address, child’s birth date (or age in month if date of birth 

is unknown), sex of child, child’s birth order, primary caregiver’s relation with child, sex of 

primary caregiver, primary caregiver’s age, mother’s age (if mother is not the primary 

caregiver), primary caregiver’s education level, mother’s education level (if mother is not the 

primary caregiver), father’s education level, dwelling type, and whether the family moved 

into the study area recently. The children’s participation in other vaccine or health related 

studies or programs were also recorded. In addition, wealth index was measured for each 

interviewed family. Essential household assets questions were asked in the same way as they 

were in the 2012-2013 Pakistan DHS survey and were used in principal component analysis 

to calculate a wealth index for the survey sample.  

Child health service utilization 

Interviewers asked questions about the child’s use of health facilities and health providers for 

vaccination and pediatric health services; and asked the caregivers to list the locations for 

seeking vaccination for their children. It is valuable for immunization programs to 
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understand whether the children use health facilities, where they visit and how often they 

visit health facilities.  

Household GPS coordinates 

GPS coordinates of every visited household, including those with eligible children and 

without, were recorded. For a multi-family dwelling, only one coordinate was recorded. 

Whenever household location related information need be published or presented in maps, 

the point coordinates were aggregated to density attributes or be randomly shifted. 

Documenting costs 

For each type of survey per round, the study implementation costs were recorded as follow: 

1. Person-days worked by field supervisor, interviewer, and coordinator respectively on 

survey preparation phrase, including planning and filed visit;  

2. Person-days worked by field supervisor, interviewer, and coordinator respectively on 

interviewing households; 

3. Proportion of the person-days worked in different phrase on data processing; 

4. Proportion of the person-days worked on blood sample collection; 

5. Proportion of the person-days worked on revisiting households; 

6. Proportion of the person-days spent on commuting to the target neighborhood; 

7. Person-hours worked by data manager for each survey; 
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8. Person-days worked by the interviewer/phlebotomist on blood sample collection; and 

the number of blood sample collected each day; 

9. Person-days worked by the driver for transporting blood samples; and per day costs of 

car; 

10. Person-days of training and the proportion of training time spent on each training 

components that can be attributed to each survey; 

11. Number of households visited each day and the proportion of eligibility, refusal, and no 

show; 

12. Time cost in each survey and for each blood collection;  

13. Compensation to caregiver and child for each survey and for each blood collection;  

14. Per-specimen laboratory costs for collecting, processing, preparing, analyzing, and 

storing blood samples and reporting results;  

15. Per-event costs of potential trouble shooting and quality control; 

16. Estimated person-days for data analysis and report preparing.  

2.6 Statistical analysis 

Statistical analysis was conducted in Stata 13 (StataCorp LP, College Park, TX, USA). 

Categorical covariates were compared using Chi-square tests or Fisher’s exact tests and 

continuous variables with non-normal distributions were compared using Wilcoxon rank 

sum tests. We used robust variance estimates and Wilson confidence intervals (75-77) to 

quantify the uncertainty of survey estimates. Rhoda’s Inchworm Plot package for Stata 
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(github.com/BiostatGlobalConsulting/) was used for exploratory data visualization. Weight-

for-age Z-scores were calculated based on 2006 WHO child growth standards.  

2.6.1 Estimation of vaccination coverage and timeliness indicators 

For self-weighted cluster sampling studies, estimation of a primary indicator, Penta3 

coverage by card seen and oral history among 12-23 months old children at the time of 

survey, is illustrated in Equation 2-6 as an example. Methods for calculating the other 

indicators, and their confidence intervals, can be derived by modifying the denominator and 

numerator of equations.  

Equation 2-6 Estimate of coverage and confidence interval 

Estimate of coverage  �̂� =
∑ 𝑦𝑖

𝑚
𝑖=1

∑ 𝑛𝑖
𝑚
𝑖=1

 

Standard error of coverage  𝑠�̂�(�̂�) = √𝑣(𝑝) = √
∑ (𝑦𝑖−𝑛𝑖�̂�)2𝑚

𝑖=1

𝑚(𝑚−1)�̅�2
 

Effective sample size  𝑛eff =
𝑝(1−𝑝)

[𝑠�̂�(𝑝)]2 

Wilson (75) confidence interval  
𝑝+𝑧(1−𝛼/2)2/2𝑛eff±𝑧(1−𝛼/2)√

�̂�(1−�̂�)

𝑛eff
+𝑧(1−𝛼/2)2/(2𝑛eff)

2

1+𝑧(1−𝛼/2)2/𝑛eff
 

Where: 

𝑦𝑖 is the observed number of children vaccinated in cluster 𝑖, which is determined either 

by vaccine records on card or mother/caregiver’s recall; 

m is the number of selected clusters (i.e. primary sampling units, PSUs); 

𝑛𝑖 is number of enrolled children in cluster 𝑖 (i.e. number of elements, SSUs); 

�̅� = ∑ 𝑛𝑖
𝑚
𝑖=1 /𝑚 is the average number of enrolled children per cluster. 

 

For EPI cluster surveys, despite the lack of probability sampling in the second stage of cluster 

sampling, the sampling is approximately self-weighted. WHO EPI Cluster Survey Field 
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Manual Annex L (47) suggests using a standard design effect (DEFF) of 2 in the calculation of 

confidence intervals. However, since the standard error can be estimated from the data, it is 

better to estimate the confidence interval with Equation 2-6. Then, the design effect can be 

calculated with Equation 2-7. 

Equation 2-7 Design effect of coverage estimate for EPI surveys 

𝐷𝐸𝐹𝐹 =
�̂�(�̂�)

�̂�′(�̂�)
=

∑ (𝑦𝑖−𝑛𝑖�̂�)2𝑚
𝑖=1

𝑚(𝑚−1)�̅�2

𝑝(1−𝑝)

𝑚�̅�−1

 

 

For compact segment design and GIS-based sampling, a design effect can be estimated if the 

household sampling frame is approximated with the dwelling sampling frame. A detailed 

discussion below is modified from Milligan et.al. (56): 

According to the methodology of compact segment sampling, the probability of selection of 

any household in cluster 𝑖 is shown in Equation 2-8. 

Equation 2-8 Probability of household selection for compact segment surveys 

𝑃𝑖 = 𝑚 × (
𝑀𝑖

𝑀
) × (

1

𝑆𝑖
) 

Where:  

𝑃𝑖 is the probability of selection of any household in the cluster 𝑖;  

𝑀𝑖 is the census population of the cluster 𝑖 ;  

𝑀 is the total population in cluster sampling frame;  

𝑆𝑖 is the number of segments created in the cluster 𝑖;  

𝑚 is the number of selected clusters.  
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A survey is self-weighted only if 𝑃𝑖 is homogeneous across clusters. Milligan et.al. (56) argued 

that it is approximately true if the real population in each cluster is proportional to the 

population enumeration in the sampling frame. In general, samples in compact segment 

survey analysis should be weighted by 1/𝑃𝑖 to compensate for inaccuracies of the 

enumeration in sampling frame, the change of population distribution since census, and the 

uneven size of segments. 

The calculation of design effects for compact segment sampling is shown in Equation 2-9. 

Equation 2-9 Design effect of coverage estimate for compact segment surveys 

𝐷𝐸𝐹𝐹 =
�̂�(�̂�)

�̂�′(�̂�)
=

𝑚

(𝑚−1)𝑈2
∑ [(𝑦𝑖 − 𝑛𝑖�̂�)2/𝑃𝑖

2]𝑚
𝑖=1

�̂�(1 − �̂�)/[(∑ 𝑛𝑖
𝑚
𝑖=1 ) − 1]

 

Where: 

�̂�(�̂�) is the variance of estimated coverage with cluster sampling design;  

�̂�′(�̂�) is the variance of estimated coverage under hypothetical simple random sampling;   

�̂� = ∑ 𝑛𝑖/𝑃𝑖
𝑚
𝑖=1  is an estimated current total number of children in the region;  

m is the number of selected clusters (i.e. primary sampling units, PSUs);  

𝑛𝑖 is number of enrolled children in cluster 𝑖 (i.e. number of elements, SSUs);  

𝑦𝑖 is the observed number of children vaccinated in cluster 𝑖;   

�̂� = ∑ 𝑦𝑖
𝑚
𝑖=1 / ∑ 𝑛𝑖

𝑚
𝑖=1  is the estimated coverage shown in Equation 2-6. 

 

The design effect under compact segment sampling can be directly calculated from the data. 

This is also true for GIS-based sampling. Instead of using 𝑆𝑖 to calculate 𝑃𝑖,  𝑃𝑖 under GIS-

based sampling is shown in Equation 2-10.  

Equation 2-10 Probability of household selection for GIS sampling surveys 

𝑃𝑖 = 𝑚 × (
𝑀𝑖

𝑀
) × (

𝑛𝑖

𝑈𝑖
) 
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Where:  

𝑃𝑖 is the probability of selection of any child in the cluster 𝑖;  

𝑀𝑖 is the census population of the cluster 𝑖;  

𝑀 is the total population in cluster sampling frame; 

𝑚 is the number of selected clusters;  

𝑛𝑖 is the number of children surveyed in the cluster 𝑖 and is approximately constant across 

clusters;   

𝑈𝑖 is the unknown number of current total number of children in the cluster 𝑖.  

Assuming the homogeneity of household size, (
𝑛𝑖

𝑈𝑖
) is approximated by the proportion of 

households selected among the total number of households in the cluster. Estimating the 

total number of households is a regular exercise in GIS-based sampling. 

 

2.7 Latent class statistical model construction 

In Chapter 4, we applied a latent class model (LCM) to estimate the true measles vaccine 

coverage among immune marker assessment participants, based on three data sources, 

serological immune marker assessments, verbal-recalled and HBR-documented measles 

vaccination history. The model results were then extrapolated to the survey participants 

without blood draws to calculate the population-level estimate of vaccine coverage. The 

statistical construction of the LCM is explained as below: 

First, we use the following notations to simply expression: 

𝐴𝑏+ : Positive measles antibody classification 

𝐴𝑏− : Negative measles antibody classification 

𝐴𝑏𝑒 : Equivocal measles antibody classification 

𝑉𝑎𝑐+ : Measles vaccine actually received (latent class) 

𝑉𝑎𝑐− : NO measles vaccine actually received (latent class) 

⊠ : Valid HBR retained in survey 
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⊡ : NO valid HBR retained in survey 

⊞ : Measles vaccination indicated in HBR 

⊟ : NO measles vaccination indicated in HBR 

⊕ : Measles vaccination recalled by caregiver 

⊖ : No measles vaccination recalled by caregiver  

ℙ(⋯ ) : Likelihood of … 

ℕ(⋯ ) : Count of … 

⌼ : Combined observation of HBR indication and caregiver recall 

 

The following assumptions are needed, which are explained in Chapter 4 

 Conditional test independence for construction of the LCM 

ℙ(𝐴𝑏 = 𝑖, ⌼ = 𝑗 | 𝑉𝑎𝑐 = 𝑘) = ℙ(𝐴𝑏 = 𝑖 | 𝑉𝑎𝑐 = 𝑘) ∙  ℙ(⌼ = 𝑗 | 𝑉𝑎𝑐 = 𝑘) 

where, 

𝑖 ∈ {𝐴𝑏+, 𝐴𝑏−, 𝐴𝑏𝑒};  

𝑗 ∈ {(⊠,⊟,⊖), (⊠,⊟,⊕), (⊡,⊕), (⊡,⊖), (⊠,⊞)} 

𝑘 ∈ {𝑉𝑎𝑐+, 𝑉𝑎𝑐−} 

 High positive predictive value of HBR for model identifiability 
ℙ(𝑉𝑎𝑐+ |  ⊠,⊞) > 0.9 

 High negative predictive value of HBR and recall combined for model identifiability 
ℙ(𝑉𝑎𝑐− |  ⊠,⊟,⊖) > 0.9 

 

The following parameters are estimated: 

𝜃−,+ = ℙ(𝐴𝑏+|𝑉𝑎𝑐−) :  Probability of antibody detection if no measles vaccine was 

received. 

𝜃+,+ = ℙ(𝐴𝑏+|𝑉𝑎𝑐+) :  Probability of antibody detection if measles vaccine was received. 

𝜃−,− = ℙ(𝐴𝑏−|𝑉𝑎𝑐−) :  Probability of no antibody detected if no measles vaccine was 

received. 

𝜃+,− = ℙ(𝐴𝑏−|𝑉𝑎𝑐+) :  Probability of no antibody detected if measles vaccine was received. 
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𝜃−,𝑒 = ℙ(𝐴𝑏𝑒|𝑉𝑎𝑐−) :  Probability of equivocal ELISA results if no measles vaccine was 

received. 𝜃−,𝑒 = 1 − 𝜃−,+ − 𝜃−,− 

𝜃+,𝑒 = ℙ(𝐴𝑏𝑒|𝑉𝑎𝑐+) :  Probability of equivocal ELISA results if measles vaccine was 

received. 𝜃+,𝑒 = 1 − 𝜃+,+ − 𝜃+,− 

𝜏1 = ℙ(𝑉𝑎𝑐+| ⊠,⊟,⊖) : Probability of measles vaccination if both recall and HBR indicated 

no vaccination. 

𝜏2 = ℙ(𝑉𝑎𝑐+| ⊠,⊟,⊕) : Probability of measles vaccination if vaccination was recalled but 

HBR indicated no vaccination. 

𝜏3 = ℙ(𝑉𝑎𝑐+| ⊡,⊕) :  Probability of measles vaccination if vaccination was recalled and 

no valid HBR was retained. 

𝜏4 = ℙ(𝑉𝑎𝑐+| ⊡,⊖) :  Probability of measles vaccination if vaccination was not recalled 

and no valid HBR was retained. 

𝜏5 = ℙ(𝑉𝑎𝑐+| ⊠,⊞) :  Probability of measles vaccination if HBR indicated vaccination. 

 

Among serosurvey participants in a size of 𝑁, the model is constructed as follow: 

 For an individual child, the probabilities of observing positive, negative or equivocal 

ELISA results are related to the latent vaccination status and the accuracy of tests: 

ℙ(𝐴𝑏𝑛 = 𝑖) = ℙ(𝑉𝑎𝑐𝑛
+) ∙ 𝜃+,𝑖 + (1 − ℙ(𝑉𝑎𝑐𝑛

+)) ∙ 𝜃−,𝑖 

where, 

𝑛 ∈ {1,2, ⋯ , 𝑁} 

𝑁 = ℕ(𝐴𝑏+) + ℕ(𝐴𝑏−) + ℕ(𝐴𝑏𝑒) 

 𝜽 parameters are estimated using the immune marker observations and latent vaccination 

status: 
𝐴𝑏𝑛|𝑉𝑎𝑐𝑛

+~ 𝐶𝑎𝑡𝑒𝑔𝑜𝑟𝑖𝑐𝑎𝑙(𝜽+|𝑉𝑎𝑐𝑛
+) 

𝐴𝑏𝑛|𝑉𝑎𝑐𝑛
−~ 𝐶𝑎𝑡𝑒𝑔𝑜𝑟𝑖𝑐𝑎𝑙(𝜽−|𝑉𝑎𝑐𝑛

−) 
 𝝉 parameters are estimated using the recall and HBR observations and latent vaccination 

status: 
𝑉𝑎𝑐𝑛~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝜔𝑛) 

𝜔𝑛 = 𝜏1 ∙ 𝐹1,𝑛 + 𝜏2 ∙ 𝐹2,𝑛 + ⋯ + 𝜏5 ∙ 𝐹5,𝑛 

where, 

𝐹1 = {
1 , 𝑖𝑓 ⊠,⊟,⊖
0 , 𝑖𝑓 𝑒𝑙𝑠𝑒

 , 𝐹2 = {
1 , 𝑖𝑓 ⊠,⊟,⊕
0 , 𝑖𝑓 𝑒𝑙𝑠𝑒

, ⋯ , 𝐹5 = {
1 , 𝑖𝑓 ⊠,⊞
0 , 𝑖𝑓 𝑒𝑙𝑠𝑒
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 Parameters are evaluated in 4000 iterations (2000 iterations × 4 chains; and discard first 

1000 iterations of each chain as warming-up) using HMC with NUT to generate the 

posterior distributions.  

𝑉𝑎𝑐𝑛,𝑗
̂ = 𝑟. 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝜔𝑛,𝑗) 

ℙ(𝑉𝑎𝑐+_𝑠𝑒𝑟𝑜𝑠𝑢𝑟𝑣𝑒𝑦)̂
𝑗 =

∑ 𝑉𝑎𝑐𝑛,𝑗
̂𝑁

𝑛=1
𝑁

⁄  

ℙ(𝑉𝑎𝑐+_𝑠𝑒𝑟𝑜𝑠𝑢𝑟𝑣𝑒𝑦)̂ =
∑ ℙ(𝑉𝑎𝑐+_𝑠𝑒𝑟𝑜𝑠𝑢𝑟𝑣𝑒𝑦)̂

𝑗
4000
𝑗=1

4000
⁄  

 

 

The estimated model is extrapolated among all vaccine coverage survey participants in a size 

of 𝑀: 

 𝝉 parameters estimated using among serosurvey participants are extrapolated to the entire 

survey sample. For each iteration 𝑗 of 𝝉 estimates: 

𝑉𝑎𝑐𝑚,𝑗
̂ = 𝑟. 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝜔𝑚,𝑗) 

𝜔𝑚,𝑗 = 𝜏1,𝑗 ∙ 𝐹1,𝑚 + 𝜏2,𝑗 ∙ 𝐹2,𝑚 + ⋯ + 𝜏5,𝑗 ∙ 𝐹5,𝑚 

where, 

𝑚 ∈ {1,2, ⋯ , 𝑀} 

𝑗 ∈ {1,2, ⋯ ,4000} 

 Posterior distribution and the point estimate of true vaccine coverage estimate are: 

ℙ(𝑉𝑎𝑐+)̂
𝑗 =

∑ 𝑉𝑎𝑐𝑚,𝑗
̂𝑀

𝑚=1
𝑀

⁄  

ℙ(𝑉𝑎𝑐+)̂ =
∑ ℙ(𝑉𝑎𝑐+)̂

𝑗
4000
𝑗=1

4000
⁄  

 

2.8 Ethical considerations and funding  

The Pfizer Foundation, a charitable foundation established by Pfizer Inc, supported this 

study with a $500,000 USD grant. The study was approved by the JHSPH Institutional 
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Review Board (JHSPH-IRB; No. 00006750) and the IRD Independent Institutional Review 

Board (IRD-IRB; No. 2015_11_001).  

Study participants incurred minimal risk. Risks included:  1) discomfort, risk of bruising or 

very low risk of infection from finger capillary blood collection, and 2) the potential 

emotional risk of discussing the child’s health status, and 3) minimal consequences associated 

with loss of confidentiality. The survey questions did not address legally, emotionally, 

economically or psychologically sensitive issues. 

The amount of blood collected [0.2 to 0.5 mL] was minimal and posed no risk to the child. To 

minimize risk and discomfort including pain, redness, bruising or swelling from capillary 

blood collection, experienced phlebotomists drew the blood using standard aseptic 

techniques. If parents indicated the child was too sick to participate in specimen collection, 

the study team returned at a later date or excluded the child from the study. Parents were 

asked to help distract the child during blood collection by holding the child in her/his arms, 

breastfeeding or offering a bottle. If a child or parent was concerned about fainting, the study 

staff would stop the procedure, encourage the person to lie down or monitor their health. 

Although the small volume of blood should not have increased the risk of fainting, the 

interviewers/phlebotomists were trained in first aid to support patients who might feel faint 

or have a fainting episode.  
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For any unexpected adverse events during or following blood collection, children/parents 

were referred to a study co-investigator at IRD for management and/or follow up. 

To minimize emotional confidentiality risks, specimens were not labeled with identifiable 

data (only Child ID), interviews were conducted at home, and strict data handling 

procedures were adhered to. Parents/caregiver had the right to refuse any of the specimen 

collections or the storage in the specimen repository. Data were collected privately in the 

family home. If the parents/caregivers indicated a topic was sensitive, they had the right to 

refuse to answer or to move to a more private location. 

Participants were benefited by receiving counseling from the study team on which vaccines 

the child still needed to receive. The study staff used the child’s vaccination card to 

determine if the child had missed any vaccines. If the child’s vaccination record was 

incomplete, recommendations on when and where to go for vaccination would be given. 

Results from the blood tests were not provided to the family because the tests were for 

scientific purposes, not used clinically to guide vaccination recommendations and were not 

conducted until 6-14 months after collection.  

Several societal benefits were expected from this study. The study could improve the quality 

of immunization surveillance systems and help reduce the risk of vaccine-preventable 

diseases in the population. The key community-level findings on vaccination coverage in 

Korangi were provided to the local EPI staff for future improvement. Every household 
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visited was given a copy of the EPI recommended immunization schedule regardless of their 

participation in the survey. The materials might remind the mothers when to have her 

children vaccinated.  

Primary caregiver/mother of each enrolled child was given a gift, such as a mobile phone 

refill card and a pack of juice, worth less than 200 Pakistani Rupee (2 US Dollars) to 

compensate the time spending on the survey. An extra gift worth less than 200 Pakistani 

Rupee, such as a toy, was given to each participant in antibody assessments to help distract 

the child from the pain and compensate addition time spent by the caregiver. 
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2.9 Figures for Chapter 2 

Figure 2-1 Field study implementation components and timeline 

 

Figure 2-2 Cumulative number of households visited and enrolled by date 

 

Round 1 

Round 2 

Round 3 

Round 4 

Round 5 
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Figure 2-3 Number of daily initial household visits by interviewer by round 
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Chapter 3. Comparison of three rapid household survey 

sampling methods for vaccination coverage assessment  

3.1 Abstract 

Objective 

Household surveys are an essential tool for vaccine coverage monitoring in developing 

countries, of which the World Health Organization (WHO) Expanded Program on 

Immunization (EPI) cluster survey design has been a default choice for decades. In response 

to methodologic limitations of the traditional EPI sampling, alternative methods have been 

proposed based on modern statistical and geographical techniques. This study compared the 

coverage estimates and the time efficiency between the EPI sampling design and two 

alternative sampling methods. 

Methods 

We conducted a series of equal-sized concurrent prospective vaccine coverage surveys in 

Karachi, Pakistan from January to December 2016, using traditional EPI sampling, compact 

segment sampling, and an innovative geographic information system (GIS) and grid-based 

sampling method.  

Findings  
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No significant differences in vaccine coverage estimates were identified across sampling 

methods; however, due to stronger clustering effects and the use of sampling weights, the 

compact segment and the GIS and grid-based surveys had higher design effects and, 

therefore, lower statistical precision than the traditional EPI surveys. To achieve the same 

level of precision, data collection activities in the compact segment surveys would require 

more than twice the time needed in the traditional EPI surveys. 

Conclusions 

Despite the enhanced methodological rigor, the two alternative methods using probability 

sampling did not result in coverage estimates that differed from the EPI survey results or 

enhanced precision compared to the EPI surveys in this study. However, the alternative 

methods have lower risk of selection bias and therefore may be preferred. 
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3.2 Introduction 

Household surveys serve an important role in immunization program monitoring activities, 

especially in low-income countries, where immunization registries are often incomplete, 

unreliable, or inaccessible (32). The World Health Organization (WHO) Expanded Program 

on Immunization (EPI) vaccine coverage cluster survey design has been a default choice for 

national and subnational vaccine coverage surveys since its development in the 1970s (46, 48, 

59) and has been adapted for rapid assessment of other community health measures (51). The 

original WHO EPI survey manual (78) established a practical protocol to estimate 

vaccination coverage among children between 12 to 23 month of age with a ±10% margin of 

error. It typically samples 30 clusters, selected among all clusters with probability 

proportional to size (PPS), within the clusters seven children are selected using the well-

known “spin-the-pen” (“random walk”) sampling method. In a 2005 revision of the manual 

(79), more adaptive methods were recommended for sample size determination and “random 

walk” methods to meet the needs in various settings, particularly in urban areas. As a result 

of the self-weighted non-probability sampling design, the traditional EPI surveys are easy to 

implement and often require a lower budget and less time than conventional cluster surveys 

based on a complete listing of households within clusters. The traditional EPI sampling 

design has made rapid survey-based vaccine coverage monitoring feasible and widely 

implemented in low-income countries.  
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However, this method is being increasingly criticized for various technical disadvantages, 

including validity issues of self-weighting in PPS due to the often inaccurate or incomplete 

cluster sampling frames, the lack of statistical rigor with non-probability “random walk” 

sampling, which also makes the self-weighting assumption unverified, as well as the 

inevitable subjectivity by interviewers in household selection in stage two of the method (40, 

49, 59, 80). In response to EPI programs increasing need for survey data accuracy and 

precision, the 2015 draft revision of the WHO EPI survey manual has included strong 

recommendations on probability-based sampling, weighted analysis, and centralized 

household selection (rather than by interviewers in the field) (81).  

Previous studies have developed and evaluated various options to partially overcome the 

disadvantages of the EPI sampling method without dramatically increasing the requirements 

of budget, time and staff expertise. Turner et al. (55) and Milligan et al. (56) developed a 

compact segment approach to create probability-based household samples and remove the 

subjectivity by interviewers for household and child selection. A comparative field study (56) 

with small sample size showed close point estimates from compact segment surveys and 

traditional EPI surveys and statistically non-differentiated homogeneity. Luman (57) 

attempted a systematic random sampling (SystRS) approach to creating a probability-based 

sample in rapid coverage surveys. With the help of geographic information system (GIS) 

tools, Grais et al. (59) attempted to reduce the fieldwork subjectivity by improving the 

random selection of the first household in the  “random walk” method for household and 
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child selection. They randomly picked a Global Positioning System (GPS) point within each 

cluster boundary or an x-y coordinate on a map grid, and used the household closest to the 

selected GPS point or coordinates as the starting point of the “random walk”. Unlike Grais, 

Lowther et al. (60) completely abandoned the “random walk” method, by enumerating all 

residential dwellings of selected clusters in the satellite imagery and randomly selecting 

dwellings to visit prior to going to the field. Myatt et al. (51) illustrated a centric systematic 

area sampling method to avoid the PPS sampling of clusters when there is no reliable cluster 

sampling frame. In their approach, map grids were used to divide the study area into dozens 

of quadrats, i.e., non-overlapping squares of equal size, and one or more enumeration blocks 

at the center of each quadrat was visited as the selected clusters. Finally, Galway et al. (61) 

presented a solution for the surveys in areas of security concern and with no reliable cluster 

sampling frame. Based on publically available population distribution interpolation dataset, 

they performed national level PPS sampling of clusters and applied a grid-based method to 

select the first household of the “random walk” process.  

In this study, we conducted a series of concurrent prospective vaccine coverage surveys in 

Karachi, Pakistan to compare two probability-based rapid household sampling designs with 

the traditional EPI method described in the 2005 WHO manual (79).  We compared the 

coverage point estimates, precision, as well as implementation time among the methods. The 

first of the two alternative designs was the previously described compact segment approach 

(55, 56) which we selected among the alternatives because it is theoretically promising in 
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reducing selection biases and requires no extra statistical expertise to implement. The second 

is an innovative GIS and grid-based method we designed particularly for surveys in areas of 

security concerns. It is intended to minimize fieldwork hours but the implementation 

requires higher technical expertise.  

3.3 Methods 

3.3.1 Study setting 

The study site was Korangi town in Sindh province of Pakistan, a peri-urban area of Karachi. 

The local economy is largely based on manufacturing and fishing industries. Korangi 

residents often receive daily wages and are experiencing transitions from peri-urban to urban 

life style, with increasingly crowded neighborhoods, rapidly growing population, and 

improving public transportation (69). According to the Karachi Municipal Committee 

estimates in 2015, Korangi town had a total population of 1.1 million, including about 31 

thousand infants in 0-11 month of age. The population in Korangi is ethnically diverse, 

representing all the ethnic groups in Pakistan. With a size of only 40.54 square kilometers, 

including a large industrial area, living conditions are very crowded. Through an interactive 

process involving field investigations and conversations with local officials, Korangi was 

chosen as the study site because it represented a typical peri-urban slum setting, which was 

considered challenging for vaccine coverage surveys. In addition, because of the security 

concerns in Korangi, a complete household listing was not recommended and rapid survey 
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sampling that requires less fieldwork hours would be particularly useful. Ethical approvals 

for all study procedures was obtained from the institutional review boards at Johns Hopkins 

Bloomberg School of Public Health and Interactive Research and Development. 

3.3.2 Vaccine coverage surveys 

Population-based clustered vaccine coverage surveys were conducted in Korangi town using 

three sampling methods: traditional EPI sampling, compact segment sampling, and a GIS and 

grid-based sampling. Each survey type was repeated in four rounds between January and 

December 2016, to ensure sufficient sample size for cross-method comparison, making a total 

of 12 surveys. In each round, surveys with different methods were conducted concurrently 

by different field teams; the method used by each team was switched across rounds. An 

enumeration area could be selected more than once for inclusion in surveys using different 

methods, but was not repeatedly selected with the same method across rounds. If a 

previously enrolled household was selected more than once with a different method, the 

household was identified through the recorded household address, residents’ recall of 

participation, or their recognition of the educational materials distributed by the previous 

interviewers. In case of overlapping enrollment, redundant interviews were avoided, but the 

data from the original interview were used twice, once in each survey, in the analysis. 

The sampling process of the EPI cluster surveys followed the 2005 WHO manual (79). In 

each study round, 30 enumeration blocks (clusters) were selected with probability 

proportional to the most recent census estimate of the population size. Each selected cluster 
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was divided into roughly equal sized subdivisions, each containing 30-50 households. Simple 

sketch maps (Appendix) of roads and landmarks were drawn in the field to help define the 

subdivisions. The size of the subdivisions was approximated based on observed household 

density, and no precise household counting was required. We enumerated the subdivisions, 

randomly selected one subdivision in the cluster, and listed all households in the selected 

subdivision with the help of a second sketch map. One of the enumerated households was 

randomly selected as the first to visit. The next closest household by distance was visited 

subsequently until seven eligible children were enrolled from the cluster. In multifamily 

dwellings, the second household visited was the door nearest to the first. If two households 

were the same distance apart, the one on the right side was chosen. After all households on 

the floor were visited, the team randomly chose a direction, up or down stairs, until the 

whole building was visited. Families sharing a kitchen and dining together were considered 

as being in the same household. All random selections were done by entering the total 

number of subdivisions or clusters in a random number generator installed in interviewers’ 

mobile devices. 

In the compact segment (55, 56) surveys, clusters were randomly selected using the same PPS 

process, but the method of defining and selecting subdivisions, which were called segments, 

was different. With the EPI sampling, the household listing was only performed in the 

selected subdivisions in order to find the initial household; however, in the compact segment 

surveys, households in the entire cluster were enumerated. A sketch map (Appendix) was 
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drawn for each selected cluster, showing streets, landmarks, dwellings, as well as the number 

of floors and the number of households per floor of multifamily dwellings. Based on the 

household counts, each cluster was divided into equal sized segments containing 40-65 

households, and segments were numbered. One segment was selected randomly, using a 

random number generator, from each cluster and all households in the segment were visited 

for enrollment. The segment size was determined so that approximately seven enrollments 

were expected. The field teams usually spent an extra day or two before the survey in each 

cluster to create the sketch map, enumerate the households, and define the segment 

boundaries.  

With the GIS and grid-based sampling, we did not rely on the census-based enumeration 

blocks to define clusters. Instead, the study area was divided into hundreds of non-

overlapping squares of equal area by superimposing a map grid (180×180 meters) on a 

satellite image of Korangi (taken by WorldView-3 satellite sensor on November and 

December 2015). Those squares were called “quadrats,” and 30 of them were randomly 

selected in each round by a random number generator after enumerating all quadrats. 

Quadrats at the periphery of the town where less than 50% of the quadrat area fell within 

the town boundaries, were excluded. For each selected quadrat, built-up structures were 

manually identified on the satellite imagery (Appendix) and listed in sequence based on their 

distance to the geographic center of the quadrat, with the closest listed first. ArcGIS 10.1 

software was used to view and mark the imagery and calculate the distance from the center. 
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Structures known to be non-residential buildings were excluded. On the survey day, the field 

staff located the geographic center of each selected quadrat with printed satellite imagery, 

digital imagery preloaded in tablets, and GPS devices. Household visits started at the 

dwelling closest to the center and continued according to the predetermined distance listed 

until seven eligible children were enrolled.   

Sampled households were visited by interviewers on working days between 9 am and 4 pm. 

A household was eligible if at least one child between 12 and 23 months of age lived in the 

household. If more than one eligible child were identified, the interviewer selected the 

youngest child. Informed consent was obtained from the mother or primary caregiver of the 

selected child before the interview. If the mother, or primary caregiver, was not present at 

the time of the visit, follow-up visits were conducted until a maximum of five visits were 

attempted. Because children enrolled during follow-up visits were not counted towards the 

seven-children target enrollment on EPI and GIS/grid survey days, the actual enrollment in 

those clusters sometimes exceed seven. Survey questions modified from the 2012 Pakistan 

Demographic and Health Surveys (DHS) survey instruments (70) were used to document 

caregivers’ verbal recall of children’s immunization history. Specially programmed handheld 

Android devices, smart phones and tablets, were used for data collection. After documenting 

recalled vaccination history, home-based health records (HBR, i.e., vaccination cards) were 

requested, reviewed and documented vaccination histories were recorded. HBRs were 

photographed by interviewers and the recorded HBR information was confirmed later with 
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the photographs by a data quality coordinator. The weight of the child was measured 

following the interview with portable toddler weight scales. Daily hours spent on various 

fieldwork activities, including household sampling, interviews, and traveling, were 

documented by the field supervisors.  

3.3.3 Sample size calculation 

The 2005 WHO reference manual (79) recommended a 30×7 design, i.e., 30 clusters and 

seven observation in each cluster, for rapid vaccination coverage estimation with the desired 

precision of ±10%. Given the aim of our parent study to compare across survey methods, we 

applied the 30×7 design for all three methods. Each of the three survey types was repeated in 

four rounds, so that when data from the four rounds were combined, we could compare 

Penta3 and MCV1 coverage estimates across survey types with a significance level (𝛼) of 5% 

(two-sided), a power (1 − 𝛽) of 80%, and a detectable difference between any two methods 

of 8.5%.  

3.3.4 Statistical analysis 

Statistical analysis was conducted in Stata 13 (StataCorp LP, College Park, TX, USA). The 

WHO Vaccination Coverage Quality Indicators (VCQI; beta version 2.5) analytical package 

(82) was used for vaccine coverage indicator estimation. By convention, the traditional EPI 

survey data were unweighted, but the compact segment and GIS and grid-based survey data 

were weighted respectively using the inverse probability of segment and dwelling selection. 
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We used Wilson confidence intervals (75-77) to quantify the uncertainty of vaccine coverage 

estimates. Categorical demographic covariates and coverage estimates were compared 

between sampling methods using Rao-Scott Chi-square tests and continuous variables with 

non-normal distributions were compared using Wilcoxon rank sum tests. Data from children 

who were enrolled in more than one survey with different sampling methods were excluded 

from hypothesis tests to avoid correlation between measures. Weight-for-age Z-scores were 

calculated based on 2006 WHO child growth standards. Effective sample size was defined as 

the actual sample size divided by the design effect. 

3.4 Results 

3.4.1 Study population and characteristics 

Of the 16,497 households visited by the surveyors, 2,444 (14.8%) met eligibility criteria 

(Figure 3-1). 385 households were visited more than once before the surveys were completed 

due to caregivers’ absence. Among 2,424 (99.2%) households with complete immunization 

questions, 126 (5.2%) were enrolled more than once in surveys with different sampling 

methods. The overlapping clusters are illustrated in Figure 3-2. The overlapping sample in 

both surveys resulted in a total sample size of 2,550, which included 849 in EPI surveys, 844 

in compact segment surveys, and 857 in the GIS and grid-based surveys. As shown in Table 

3-1, children enrolled in the surveys using different sampling methods shared similar 

demographic and health characteristics. The proportion of girls enrolled in the compact 
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segment surveys was slightly higher than in the GIS and grid-based surveys. Wealth index 

distribution among the EPI survey participants was significantly different from the compact 

segment survey participants (p value=0.016). The EPI surveys enrolled fewer households in 

the wealthiest quintile than the compact segment survey (17.0% versus 23.1%, p 

value=0.022).  

3.4.2 Comparison of vaccine coverage estimates 

In Table 3-2, key vaccine coverage indicators were estimated from the four rounds of data 

combined and compared across sampling methods. Coverage of the first pentavalent vaccine 

dose (Penta1) was included as an indicator of children’s access to routine immunization 

services; coverage of the third pentavalent vaccine dose (Penta3) and the first measles 

containing vaccine dose (MCV1) were used to demonstrate retention in the routine 

immunization program at 14 weeks and 9 months of age, respectively. Coverage estimates 

based on vaccine receipt ascertained either by caregiver’s verbal recall or HBRs were 

considerably higher than the coverage estimates based on only HBR documentation, because 

valid HBRs were provided by only half of the survey participants. It is important to note that 

we presented the “HBR only” coverage estimates by including all survey respondents in the 

denominator according to the recently revised WHO EPI survey manual (81), while the DHS 

surveys and traditional EPI surveys often include only the survey respondents with HBRs in 

the denominator. Also following the revised manual, we presented “valid vaccine coverage” 

estimates for Penta3 and MCV1, which included only the vaccine doses received in a valid 
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time frame according to the EPI schedule (specified in the notes of Table 3-2). Since the 

vaccination dates were only accurately ascertained from HBRs, the valid coverage estimates 

were considerably lower than the crude estimates by HBRs or verbal history.  

When vaccine coverage estimates were compared across the three sampling methods in 

Table 3-2, observed differences were all less than 6%. Since the study was only powered to 

identify potential coverage differences over 8.5%, we found no statistically significant 

differences for most coverage estimates. An exception was that the crude Penta1 coverage by 

HBRs or verbal history in compact segment surveys was 5.4 percentage points [95%CI: (0.4, 

10.4); p value=0.036] lower than in the EPI surveys and 5.3 percentage points [95%CI: 

(0.3,10.4); p value=0.040] lower than in the GIS and grid-based surveys. This finding was 

associated with an estimated 5.0 percentage points difference [95%CI: (0.4, 9.6); p 

value=0.034] of unvaccinated children between the EPI and compact segment survey 

participants. Despite the exceptions, we could not conclude that there was a systematic 

difference in coverage estimates across the three sampling methods.  

Design effects were calculated for all coverage estimates and compared across the three 

sampling methods in Table 3-2. Since the vaccine coverage estimates were similar across 

methods, larger design effects were always associated with the larger error and lower 

precision of the coverage estimates. Among the estimates based on only HBR documented 

vaccine receipt, GIS and grid-based surveys had the largest design effects, while the EPI 
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surveys had the smallest. Among the HBR or verbal history-based estimates, compact 

segment surveys had the largest design effects, and the EPI surveys still had the smallest.  

3.4.3 Comparison of survey implementation time and efficiency 

In Table 3-3, the implementation time of various field activities was summarized based on 

the daily fieldwork logs filled by our survey teams. One field team of a supervisor and three 

interviewers needed 262 minutes on average to complete enrollments and interviews in each 

EPI survey cluster, including 50 minutes traveling to and from the field, 27 minutes locating 

the first households, and 186 minutes of household searching, screening, consenting and 

interviewing. For each household, screening and consenting took 7.7 minutes on average 

[median=7; 25% percentile (p25) =5; p75=10], and an interview took 18.0 minutes 

[median=16; p25=12; p75=20]. Compact segment surveys and GIS/grid-based surveys 

required similar time for traveling, but less time for locating the first household. This was 

because in the EPI sampling method we implemented sketch mapping and with-in 

subdivision household enumeration procedures. The full-cluster detailed household mapping 

step in compact segment surveys nearly doubled the implementation time and required an 

extra day or more to complete, especially in large clusters. For GIS/grid-based surveys, the 

household searching step required more time, because the interviewers sometimes had to 

walk long distances between two dwellings in a pre-determined sequence (see the satellite 

imagery in Appendix). Depending on the density and accessibility of dwellings, an extra 30 
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to 120 minutes was needed for household searching in a typical quadrat compared to the 

convenient next-door visits in the EPI “random walk” method.   

Next, we calculated the average implementation time per effective sample as a measure of 

survey efficiency and compared it across the three sampling methods. Effective sample size is 

a hypothetical concept which represents the sample size needed to achieve the same 

precision of a cluster survey if simple random sampling is performed instead. Since each 

coverage estimate was associated with a unique design effect, the effective sample size was 

calculated differently for each coverage estimate, so as the average implementation time per 

effective sample (Table 3-3). Generally, data collection per effective sample in the EPI 

surveys required considerably less time than in the GIS/grid-based surveys (54-60 minutes 

versus 84-128 minutes per effective sample), or than the compact segment surveys, which 

took the longest time per effective sample (118-181 minutes).  
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Table 3-1 Characteristics of surveyed children and comparison among surveys 

 

Three methods 
combined 

 
Comparison by sampling methods (four rounds combined) 

  
Frequency (%1)  
/ median [IQR]   EPI surveys 

Compact segment 
surveys (CS) 

GIS/grid-based 
surveys   

p-value2  
(EPI vs. CS) 

p-value2  
(EPI vs. GIS) 

p-value2  
(CS vs. GIS) 

Number of children 2,550 
 

849 844 857 
    Child sex: Female 1,100 (42.8)   355 (42.0) 397 (46.2) 348 (40.3)   0.110 0.542 0.043 

Child age in month at 
enrollment, mean 17.1 

 
17.1 17.4 16.9 

 
0.237 0.386 0.068 

Child born in Korangi 2,373 (92.9)   787 (92.8) 787 (93.1) 799 (92.9)   0.838 0.929 0.926 

Father's education in years 8 [0, 10] 
 

8 [0, 10] 8 [0, 10] 8 [0, 10] 
 

0.638 0.069 0.159 

Mother's education in years 8 [3, 10]   8 [2, 10] 8 [1, 10] 8 [0, 10]   0.953 0.103 0.121 
Mother has a job, other than 
housewife 94 (3.7) 

 
35 (4.1) 29 (3.3) 30 (3.7) 

 
0.487 0.684 0.749 

Mother owns a mobile 
phone 1,687 (65.4)   557(65.7) 545 (64.0) 585 (66.6)   0.589 0.758 0.408 
Institutional birth 2,048 (79.4) 

 
688 (81.1) 665 (77.7) 695 (79.4) 

 
0.270 0.498 0.577 

Breastfeeding duration 
(months) 14 [9, 18]   13 [8, 17] 14 [10, 18] 14 [10, 18]   0.468 0.487 0.519 
Wealth index quintile  

      

0.016 0.159 0.659 
    - Poorest 492 (20.0) 

 
149 (17.6) 166 (20.6) 177 (21.9) 

 
0.257 0.075 0.671 

    - Second 499 (20.0) 
 

203 (23.9) 138 (16.9) 158 (19.3) 
        - Third 493 (20.0) 

 
175 (20.6) 163 (19.7) 155 (19.6) 

        - Fourth 522 (20.0) 
 

178 (21.0) 173 (19.8) 171 (19.6) 
        - Wealthiest 539 (20.0) 

 
144 (17.0) 204 (23.1) 191 (19.6) 

 
0.022 0.268 0.211 

Monthly household income 
in thousand PKR 

15 [12, 20];  
31.0% missing   

15 [12, 18]; 
30.5% missing 

15 [12, 20];  
33.5% missing 

15 [12, 18];  
29.2% missing   0.484 0.476 0.493 

Weight-for-age Z score -1.46   -1.47 -1.46 -1.46   0.801 0.861 0.966 

1. Calculations of frequency were unweighted. Proportion estimates were weighted for compact segment and GIS and grid-based surveys using the 

inverse probability of segment and dwelling selection respectively; missing values were excluded before calculation of percentage 

2. Chi-square or Fisher's exact test for categorical variables; t test for normal continuous variables; Wilcoxon rank sum test for non-normal 

continuous variables. 
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Table 3-2 Comparison of vaccine coverage estimates among surveys using EPI, compact segment, and GIS/Grid-based sampling 
methods 

 

EPI surveys  
(N=849) 

 

Compact segment surveys 
(N=844) 

 

GIS/grid-based surveys 
(N=857) 

 
Comparison by sampling methods 

  
Est. (%)  

(95% CI) 1 SE 1 DEFF ICC   
Est. (%)  
(95% CI) SE DEFF ICC   

Est. (%)  
(95% CI) SE DEFF ICC   

p-value2  
(EPI vs. CS) 

p-value2  
(EPI vs. GIS) 

p-value2  
(CS vs. GIS) 

Crude vaccine coverage  
by HBRs or verbal history 

= (sum of weights for respondents who received vaccine according to HBRs or verbal history)  
     / (sum of weights for all respondents)         

Penta1 
88.2 

(85.5, 90.5) 
1.3 1.34 0.056 

 
83.7 

(79.4, 87.2) 
2.0 2.44 0.236 

 
88.5 

(85.5, 90.9) 
1.4 1.57 0.096 

 

0.036 0.970 0.040 

Penta3 
69.7 

(65.7, 73.5) 
2.0 1.57 0.094 

 
69.0 

(64.4, 73.3) 
2.3 2.03 0.168 

 
70.8 

(66.6, 74.6) 
2.0 1.72 0.121 

 

0.527 0.791 0.380 

MCV1 
75.3 

(71.8, 78.5) 
1.7 1.33 0.055 

 
70.9 

(66.1, 75.3) 
2.4 2.28 0.210 

 
74.4 

(70.4, 77.9) 
1.9 1.67 0.112 

 

0.072 0.495 0.247 

Crude vaccine coverage  
by HBRs  

= (sum of weights for respondents who received vaccine according to HBRs)  
    / (sum of weights for all respondents)         

Penta1 
50.9 

(46.8, 55.0) 
2.1 1.48 0.079 

 
49.5 

(45.1, 53.8) 
2.2 1.67 0.111 

 
52.8 

(47.7, 57.8) 
2.6 2.33 0.223 

 

0.662 0.684 0.427 

Penta3 
47.5 

(43.3, 51.6) 
2.1 1.53 0.088 

 
44.4 

(40.3, 48.5) 
2.1 1.48 0.079 

 
46.5 

(41.6, 51.5) 
2.5 2.20 0.201 

 

0.245 0.631 0.569 

MCV1 
42.2 

(38.3, 46.1) 
2.0 1.41 0.067 

 
41.0 

(36.7, 45.4) 
2.2 1.71 0.117 

 
42.4 

(37.2, 47.7) 
2.7 2.55 0.259 

 

0.748 0.837 0.938 

Valid vaccine coverage 
= (sum of weights for respondents who received a valid vaccine dose according to HBRs) 3 
    / (sum of weights for all respondents)         

Penta3 
38.0 

(34.0, 42.2) 
2.1 1.58 0.096 

 
33.9 

(29.9, 38.2) 
2.1 1.71 0.116 

 
35.5 

(31.0, 40.2) 
2.4 2.08 0.181 

 

0.115 0.294 0.657 

MCV1 
36.0 

(32.2, 40.1) 
2.0 1.50 0.083 

 
32.3 

(27.9, 37.0) 
2.3 2.07 0.176 

 
37.2 

(32.2, 42.6) 
2.7 2.61 0.270 

 

0.145 0.935 0.237 
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Fully vaccinated  
by HBRs or verbal history 

= (sum of weights for respondents who received BCG, Penta3, OPV3, and MCV1 according to HBRs 
or verbal history) 4 / (sum of weights for all respondents)         

 
51.5 

(47.4, 55.5) 
2.1 1.46 0.076 

 
51.3 

(46.9, 55.7) 
2.3 1.73 0.121 

 
54.4 

(49.7, 59.1) 
2.4 1.99 0.166 

 

0.892 0.440 0.379 

Not vaccinated 
by HBRs and verbal history 

= (sum of weights for respondents who received no BCG, Penta, OPV, or MCV dose according to 
HBRs or verbal history) / (sum of weights for all respondents)         

 
5.9 

(4.3, 8.1) 
1.0 1.44 0.072 

 
10.0 

(7.0, 14.1) 
1.8 3.12 0.348 

 
6.9 

(5.1, 9.3) 
1.1 1.51 0.086 

 

0.034 0.376 0.130 

Valid HBR retention 
= (sum of weights for respondents who show an HBR with at least one vaccination date on it)  
     / (sum of weights for all respondents)         

  
51.9 

(47.9, 56.0) 
2.1 1.47 0.077   

48.8 
(44.3, 53.3) 

2.3 1.79 0.129   
53.6 

(48.7, 58.4) 
2.5 2.10 0.184   0.281 0.766 0.200 

1. Robust variance estimates and Wilson confidence intervals (20-22) are reported to quantify the uncertainty of vaccine coverage estimates. 

2. Coverage estimates were compared using Rao-Scott Chi-square tests; overlap sample between surveys with different sampling methods was 

excluded from hypothetic tests to avoid colorations. 

3. Valid Penta3 dose was defined as pentavalent vaccination received after 14 weeks of age and at least four weeks after Penta2; valid MCV1 dose 

was defined as measles vaccination received after 9 months of age. 

4. Full vaccination was defined as a child receive a birth dose of BCG vaccine, three doses of pentavalent vaccines (Penta), three doses of oral polio 

vaccines (OPV) (excluding the birth dose), and one dose of measles vaccine (MCV1). Routine immunization in Karachi also includes a birth dose 

of polio vaccine (OPV0), three doses of pneumococcal conjugate vaccines (PCV), an inactive polio vaccine (IPV), and a second dose of measles 

vaccine (MCV2). MCV2 was not included in the full vaccination definition because the age range of enrolled children (12-23 months of age) was 

not appropriate to assess the coverage of MCV2 scheduled at 15 months of age. Since MCV2 doses are often given between 15-18 months of age, 

restricting the sample to 19 months or older would result in a sample size too small to provide meaningful results. IPV was not included because 

the introduction of IPV was ongoing during the study time. PCV and OPV0 were not included because receipts of these doses could not be 

accurately ascertained in our study as some HBRs retrieved from Korangi were not designed to record these doses, i.e. did not have slots to record 

these doses. 
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Table 3-3 Comparison of survey implementation time among surveys using EPI, compact 
segment, and GIS/Grid-based sampling methods 

 

EPI surveys  
 

Compact segment 
surveys  

 

GIS/grid-based 
surveys 

  
Median 

[p25, p75] 1 Mean   
Median 

[p25, p75] 1 Mean   
Median 

[p25, p75] 1 Mean 

Fieldwork time 5 (minutes per cluster) 

Traveling to and from field 
48 

[40, 60] 
49.2 

 
45 

[37, 60] 
47.6 

 
50 

[44, 60] 
52.8 

Mapping households in 
cluster maps 2 

  

 

190 
[170, 225] 

232.4 
   

Locating first household 3 
20 

[5, 40] 
26.6 

 
5 

[2, 5] 
5.7 

 
5 

[2, 5] 
5.6 

Household searching, 
enrollment and interview 

150 
[120, 200] 

185.8 
 

155 
[125, 195] 

179.1 
 

203 
[149, 321] 

239.8 

Total fieldwork time 
 

261.6 
  

464.8 
  

298.2 

Office work time4 (minutes per cluster) 

Defining and selecting 
segments     

≈ 60 
   

Producing satellite imagery 
printouts with household 
enumeration 

       
≈ 30 

Number of enrollments5 per cluster 

 

7 
[7, 7] 

6.9 
 

6 
[4, 9] 

6.6 
 

7 
[7, 7] 

6.5 

Effective sample size6 per cluster 

Crude Penta3 coverage  
by HBRs or verbal history  

4.4 
  

3.3 
  

3.8 

Crude MCV1 coverage  
by HBRs or verbal history  

5.2 
  

2.9 
  

3.9 

Crude Penta3 coverage  
by HBRs  

4.5 
  

4.5 
  

3.0 

Crude MCV1 coverage  
by HBRs  

4.9 
  

3.9 
  

2.6 

Implementation time (minutes) per effective sample 

Crude Penta3 coverage  
by HBRs or verbal history  

60 
  

161 
  

87 

Crude MCV1 coverage  
by HBRs or verbal history  

51 
  

181 
  

84 

Crude Penta3 coverage  
by HBRs  

58 
  

118 
  

110 

Crude MCV1 coverage  
by HBRs 

  54     136     128 
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1. "p25" stands for the 25% percentile; "p75" stands for the 75% percentile. 

2. Complete household mapping was only needed in compact segment surveys. The activity was 

conducted on a different day before survey by field supervisors with help of one or two interviewers. 

In large clusters, the mapping could take multiple days. 

3. In EPI surveys, the process of locating the first household included: sketching a cluster map, roughly 

dividing the cluster into subdivisions, and enumerating households in a selected subdivision. A team of 

one supervisor and three interviewers completed this process together once arriving the cluster in the 

morning of EPI survey day. 

4. This category is only intended for activities that were implemented differently in the three sampling 

methods. Time spent on quality assurance, data inspection, training, piloting, and statistical sampling 

preparation are excluded.  Office work hours were not documented in logs, but approximates were 

provided here based on our experience. 

5. If the mother, or primary caregiver, was not present at the time of the visit, follow-up visits were 

conducted until a maximum of five visits were attempted. Enrollments achieved in follow-up visits 

(N=165) are excluded in the calculation of fieldwork time and efficiency. 

6. Effective sample size=actual sample size / design effect (DEFF) 
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3.5 Discussion 

In this study of vaccine coverage survey methods, we conducted a series of equal-sized 

concurrent prospective surveys in Korangi town of Karachi using three different household 

sampling methods: the traditional EPI sampling, the compact segment sampling, and a GIS 

and grid-based sampling method. We found no significant differences in the vaccine 

coverage estimates across different sampling methods; however, due to stronger clustering 

effects and the use of sampling weights, the compact segment and the GIS and grid-based 

surveys had higher design effects and, therefore, lower statistical precision than the 

traditional EPI surveys. To achieve the same level of precision, data collection activities in 

the compact segment surveys would require more than twice the time needed for the 

traditional EPI surveys.  

This study is the first to compare rapid household sampling methods for vaccine coverage 

cluster surveys through concurrent prospective implementation in a low-income peri-urban 

setting. While the study was planned before the 2015 draft revision of WHO EPI manual was 

available, we designed the study to provide evidence that could help the manual users, 

including governments, EPI program managers, and researchers, to understand how the 

traditional EPI household sampling methods may be modified to become more 

methodologically rigorous but still “rapid” to implement; how the coverage estimates may 

differ if an alternative method is used; and how much more effort is needed to implement 

alternative methods.  
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Methodologically, the two alternative approaches studied are more rigorous than the 

traditional EPI sampling method. First, unlike the EPI surveys, both alternatives use 

probability sampling, in which each eligible household has a known, nonzero probability of 

being selected. In GIS and grid-based sampling, household selection probabilities are 

approximated by the dwelling selection probabilities, based on the assumption that the 

number of households in each dwelling is homogeneous within each quadrat, which is 

generally an acceptable assumption in Korangi. Second, pre-specifying the household 

selections on maps and satellite imagery helps reduce the potential biases caused by 

interviewers’ unintentional subjectivity and intentional preference towards selecting more 

easily accessible households. Third, by avoiding census-based PPS cluster selection, the GIS 

and grid-based sampling is not prone to potential biases caused by inaccurate or outdated 

census data. Our EPI and compact segment surveys relied on an official projection from the 

1998 census. A new census was conducted in 2017 after we completed the study. In addition, 

the definition of quadrats is independent of the population distribution and enumeration 

area size. Thus, the GIS and grid-based sampling theoretically captures a larger variety of the 

target population than the enumeration area-based methods, through oversampling 

households in less populated areas and enumeration areas of large geographic size (Figure 

3-2). However, compared to a simple random household sample within each cluster, there 

are shared disadvantages among the three rapid methods. For example, they are all likely 

prone to the estimation variability and high design effects caused by the “pocketing” of 
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unvaccinated children, i.e. the tendency for households living close to share the same 

vaccination status. We also conducted a lot quality assurance sampling (LQAS) survey in 

Korangi after the four rounds of surveys described in this paper; however, the LQAS survey 

is excluded from the cross-method comparison because of the substantial differences in 

sample size, study purpose, and the cohort year of the study population.  

The study was not designed to assess if any one sampling method results in a more valid 

estimate of true vaccine coverage since no “gold standard” value is available. As discussed in a 

separate publication (83), we found that the information biases involved in vaccine coverage 

estimates from HBRs and verbal recall were large and, by overcoming the biases using 

serological immune marker evidence in a latent class model, we found only 61.1% (95% CI: 

53.5, 69.4) of children were vaccinated with MCV1, which was significantly different from 

the survey-based estimates.  

Based on the four rounds of survey with a combined sample size to detect coverage 

differences of at least 8.5% across survey methods, we concluded that the coverage estimates 

were not systematically different. Though some estimates appeared to be 5% higher in the 

EPI and GIS and grid-based surveys than in the compact segment surveys, we do not 

consider these differences to be important in practice, given that national and subnational 

vaccine coverage surveys are usually designed with ±5% to ±10% error margin. In contrast, 

we found that the design effects and the implementation time of the compact segment 

surveys and the GIS and grid-based surveys were higher than the EPI surveys in our study. 
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These differences suggest that greater efforts are needed for the alternative surveys to 

achieve the same precision of estimates, which was quantified by the calculation of 

implementation time per effective sample. Though not shown in the tables, two additional 

days of training were provided to the field teams to implement the compact segment 

mapping and sampling and to use satellite imagery in the sampling process; additional 

financial costs and efforts were needed to establish a GIS work station and train the staff to 

mark dwellings on satellite imagery.  

We designed the GIS and grid-based sampling method with the intention to minimize the 

fieldwork hours, which is an especially important feature for surveys in areas with security 

concerns. For this purpose, the latest satellite imagery was used to replace the mapping steps 

in other surveys; and, instead of preselecting dwellings across the quadrat, teams were only 

expected to visit households located close to the quadrat center in a predefined sequence. 

However, the GIS and grid-based surveys actually needed more time in the field than the 

EPI surveys, due greater time needed to walk between dwellings following the predefined 

sequence (Table 3-3). In quadrats with low dwelling density, interviewers sometimes had to 

visit dwellings at the edge of quadrats to find enough eligible children and walk more than 

150 meters to the other end of the quadrat for the next dwelling. Walking long distance 

across urban slums is not easy. According to in-depth interviews and focus groups among our 

fieldwork staff, they disliked the GIS and grid-based sampling method because of the 

excessive walking. This qualitative result will be further discussed in other publications.  
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For future surveyors, we suggest an improvement of the GIS and grid-based sampling to 

reduce fieldwork hours while maintain its advantages, by introducing some compact segment 

concepts: first, reduce the quadrat size from 180×180 meters, which contains average 147 

households (median=142; p25=78; p75=207) in Korangi, to a small enough size that only 

contain one or two expected eligible children; second, employ simple random samping of N 

quadrats, with N equal to the desired number of clusters; third, visit all households in the 

selected quadrats; finally, expand the visits to the nearby quadrats and visit all households in 

those quadrats, until the desired number of enrollments per cluster is reached.  

Although our results showed similar coverage estimates across methods and less 

implementation time requirements in the EPI surveys, it is important to understand that we 

do not conclude that the traditional EPI method is the preferred method. First, the methods 

were only compared in one peri-urban setting, while the results may not be generalizable in 

rural settings or in other countries. Second, due to the lack of methodological rigor, the 

traditional EPI sampling is more prone to implementation-related biases, such as 

interviewers’ subjectivity in household selection, than the other sampling methods studied. 

In this research study, all surveys were carefully implemented following a 20-day intensive 

staff training and were accompanied with an operational study on data quality inspection. It 

is reasonable to expect that the potential biases of EPI sampling were more limited in our 

study than in real world practice. Third, we conducted the EPI surveys with relatively 

rigorous procedures for the selection of the first household in each cluster, while larger 
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biases might be observed if the original “spin-the-pen” method had been used. Fourth, 

further improvements of the alternative methods may help reduce their implementation 

barriers while maintaining the advantages. Besides the improvements already suggested in 

this paper for the GIS and grid-based sampling method, the compact segment method may 

also be improved by using GIS techniques to reduce the burden of complete household 

mapping. Finally, as immunization programs become better established, resources are 

increasingly available to produce more accurate and precise vaccine coverage estimates. 

Survey designers should not focus on survey costs and implementation ease alone. An 

appropriate sampling design should ensure sufficient estimation precision, maintain good 

methodological rigor and low risk of biases, as well as be feasible and affordable in local 

settings.   
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3.6 Figures for Chapter 3 

Figure 3-1 Enrollment summary of all EPI, compact segment, and GIS/grid-based surveys 

combined 
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Figure 3-2 Enrollment locations of surveys using three sampling methods 
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Chapter 4. Overcoming information biases in vaccination 

coverage surveys using latent class analysis of sub-sample 

immune marker assessments 

4.1 Abstract 

Background 

Household surveys are an essential tool for vaccine coverage monitoring in developing 

countries. However, there are information biases of survey-based vaccine coverage estimates 

that are inevitable and currently unmeasurable, primarily due to inaccuracies in recall, low 

retention of home-based health records (HBR, i.e. vaccination cards), and inaccurate 

recording of vaccination onto HBRs. We developed an innovative method to validate survey 

results and estimate true vaccine coverage using nested serological immune marker 

assessments. 

Methods and findings 

We enrolled children 12-23 months of age in vaccine coverage surveys in Karachi, Pakistan 

from January to December 2016. Vaccination history was collected through verbal recall by 

caregiver and, when available, by HBR. One-third of survey participants were randomly 

enrolled for capillary blood collection. Serum specimens were tested for anti-measles IgG 

antibody (Enzygonost ELISA, Siemens, Germany). We applied Bayesian latent class models 
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to evaluate the misalignment among recall of measles vaccination history, HBRs, and the 

immune marker assessments. Measles vaccine coverage, defined by positive recall or HBR 

documentation, was 73.2% (95% CI: 71.3, 75.1) among all 3,234 survey participants and 

71.2% (95% CI: 67.8, 74.4) among the 848 participants with anti-measles IgG measured. 

1,736 (54%) had valid HBRs. 342 (40%) IgG tests were positive and 146 (17%) were 

equivocal. The model-based estimate of true measles vaccine coverage was 61.1% (95% CI: 

53.5, 69.4) among all survey participants. 

Conclusions 

Standard survey methods can overestimate vaccine coverage when based on verbal recall or 

availability of HBR. These biases can be addressed through the use of serology and analysis 

with latent class statistics. 
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4.2 Introduction 

Household surveys serve an important role in immunization program monitoring activities, 

especially in developing countries, where immunization registries are often incomplete, 

unreliable, or inaccessible (32). Those surveys usually ascertain children’s routine or 

campaign based vaccination history through caregivers’ verbal recall and household-based 

health records (HBRs), also known as vaccination cards in many countries. The two sources 

of information are usually combined to estimate the vaccine coverage measures of interest, 

which often include coverage of the first and the third doses of pentavalent vaccine (Penta1 

and Penta3), coverage of the first dose of measles-containing vaccine (MCV1), and the 

proportion of fully immunized children (FIC) among those in a certain age range. The 

USAID-supported Demographic and Health Surveys (DHS) (84), the UNICEF-supported 

Multiple Indicator Cluster Surveys (MICS), and most surveys following the WHO Expanded 

Program on Immunization (EPI) vaccine coverage cluster survey reference manual (79) 

define vaccine receipt as either documented in HBRs or verbally recalled by caregivers, also 

known as “HBR or recall coverage estimates.” Those surveys often also report coverage 

metrics based on only HBRs, also known as “HBR-only coverage estimates”, and exclude 

from the calculations all survey participants without valid HBRs. It is often debated whether 

inclusion of recall data yields more accurate estimates of coverage since such data are known 

to be error prone, but relying on only HBRs invokes an assumption that children with valid 

HBRs have the same coverage as those without (40, 44, 85).  
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Neither of the indicators described above represent the true vaccine coverage because 

information biases associated with recall and HBRs are inevitable. Relying on verbal recall 

may overestimate children’s vaccine coverage when caregivers feel pressure to report that 

vaccinations have been received; it can also underestimate coverage because caregivers fail to 

recognize or recall doses, especially for new vaccines and vaccines with multiple doses (40, 

42). On the other hand, HBR is also not without error. Despite the fact that most vaccine 

doses recorded on HBR likely have been administered to the child, the true vaccination 

status may not be accurately recorded on the HBR reviewed because of HBR loss and 

replacement, poor design and documenting practice, as well as recording errors by 

vaccinators or surveyors (40). Since there is no gold standard method for vaccine coverage 

documentation, the information biases of HBR and recall are usually unmeasurable. New 

methods incorporating additional measures of vaccine administration may be helpful to 

improving estimates of vaccine coverage. 

Vaccine specific antibody measures are seldom used in immunization monitoring activities 

but there is increasing interest and potential for their use (86-95). Immunization programs 

have used immune markers to evaluate vaccination effectiveness (95), but the value of 

immune markers for vaccine coverage estimation is yet to be established. First, effective and 

reliable laboratory assays are not always available to detect vaccine-induced immunity. Even 

fewer assays are available in low-resource settings where vaccine coverage surveys are most 

commonly used. Second, waning immunity following vaccination and inability to distinguish 
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immune markers induced by pathogen infection from vaccine induced markers can limit the 

interpretation of true vaccine history. Third, even with a completely accurate assay, the 

measure of immune marker prevalence can still be less than the true vaccine coverage 

because an immune marker can only measure “effective” vaccinations, those which induce 

measurable immunity in recipients. If a vaccine has a low seroconversion rate, the vaccine 

immunogenicity is interfered with by maternal immunity, or the vaccine loses potency 

during prolonged or poorly managed transportation or storage, then vaccination may not be 

effective and vaccine coverage will be underestimated. On the other hand, measures of 

effective vaccination, instead of measures of vaccine administration, would more accurately 

reflect levels of population immunity and the overall success of the vaccine program 

considering all elements of effectiveness needed to achieve disease reduction. Though 

immune marker measures may provide additional evidence to improve the survey-based 

vaccine coverage estimates, the misalignments must be adjusted.  

In this study, we introduce an innovative design and applied latent class models to estimate 

the true measles vaccine coverage by combining household survey-based HBRs and 

caregiver’s verbal recall with serological immune marker assessments of survey participants. 

We demonstrated the effectiveness of this approach in a series of prospective vaccine 

coverage surveys in Karachi, Pakistan and demonstrated the field implementation feasibility 

of household finger prick capillary blood collection. 



125 

 

4.3 Methods 

4.3.1 Study setting and population 

The study site was Korangi town in Sindh province of Pakistan, a peri-urban area of Karachi. 

The local economy is largely based on manufacturing and fishing industries. Korangi 

residents often receive daily wages and are experiencing transitions from a peri-urban to 

urban life style, with increasingly crowded neighborhoods, rapidly growing population, and 

improving public transportation (69). Residents in urban Sindh are relatively wealthy 

compared to the rest of Pakistan (55.3% of households are in the highest national wealth 

quintile; Gini coefficient=0.20), but people in Korangi town live at a lower socioeconomic 

level than Karachi city (70).  According to the 2015 Karachi Municipal Committee estimates, 

Korangi town has a total population of 1.1 million, including about 31 thousand infants in 0-

11 month of age. The population in Korangi is ethnically diverse, representing all the ethnic 

groups in Pakistan. With a size of only 40.54 square kilometers, including a large industrial 

area, living conditions are very crowded. There are approximately 155 “lady health workers,” 

10 lady health worker supervisors and 25 vaccinators in Korangi town. Through an 

interactive process involving field investigations and conversations with local officials, 

Korangi was chosen as the study site because it represented a typical peri-urban slum setting, 

which was considered challenging for serosurvey implementation. 
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4.3.2 Vaccine coverage surveys 

We conducted 13 population-based clustered vaccine coverage surveys in Korangi town from 

January to December 2016 for a research project to improve vaccine coverage monitoring 

methods. Four different household sampling methods were used and compared for their 

efficiency and operational feasibility. The four methods were: traditional EPI sampling (2005 

WHO reference manual (79)); compact segment sampling (55, 56); satellite imagery and grid-

based sampling developed by our research team; and lot quality assurance sampling method 

described in a 2012 WHO reference manual (58). Details of these household sampling 

procedures are described in other chapters. Here data from different surveys were pooled, 

without weighting, and handled identically in the analyses.  

Sampled households were visited by interviewers on working days between 9 am and 4 pm. 

A household was eligible if at least one child between 12 and 23 months of age lived in the 

household. If more than one eligible child was identified, the interviewer selected the 

youngest child. This was a recommended procedure in the 2005 WHO reference manual (79) 

as surveys were intended to represent the most recent performance of the immunization 

system, though a recent revision of the reference manual (81) recommended enrolling all 

eligible children in the selected households. Informed consent was obtained from the mother 

or primary caregiver of the selected child before the interview. If the mother, or primary 

caregiver, was not present at the time of the visit, follow-up visits were conducted until a 

maximum of five visits were attempted. 
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Survey questions modified from the DHS survey instruments (84) were used to document 

caregivers’ verbal recall of children’s immunization history. Specially programmed handheld 

Android devices, smart phones and tablets, were used for data collection. After documenting 

recalled vaccination history, HBRs were requested, reviewed and documented vaccination 

histories were recorded. Caregivers who offered to provide HBRs before or during interviews 

were asked to put them aside until the completion of the interview. HBRs were 

photographed by interviewers and the recorded HBR information was confirmed by 

comparison with the photographs by a data quality coordinator. The weight of the child was 

measured following the interview with portable toddler weight scales. 

4.3.3 Immune marker assessment (serosurvey) procedures 

Vaccine related immune marker assessments were nested in all 13 surveys. Survey 

participants who completed the vaccination recall section of the questionnaire were 

randomly selected immediately following interviews. While caregivers were informed 

during the survey consenting process about the possibility of being approached for 

subsequent assessments, the actual recruitment after interviews assured that only subjects 

with complete survey responses were enrolled and that the decision of survey participation 

was not influenced by their willingness to participate in the immune marker assessment.  

The randomized selection of participants was carried out according to subjects’ ID numbers 

in a predetermined randomization book. Interviewers were informed of the randomization 

results by Android devices only after the interview was completed. Written informed 
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consent was obtained from caregivers for antibody assessment. If the child was not present at 

the time of the visit, if the child received a dose of measles or pentavalent vaccine in the past 

30 days, or if the caregiver wanted to reschedule the blood collection, three attempts were 

made.  

After consent was provided, a trained and experienced phlebotomist collected a finger prick 

capillary blood specimen using standard aseptic techniques at the home of the child (96). 

Safety lancets with 1.5 mm blade and 1.6 mm penetration depth (Safety-Lancet Super 

#85.1018, Sarstedt, Germany) and serum separator tubes with clot activator (BD Microtainer®  

#365967, USA) were used to collect 0.2-0.5 ml blood from each child. A maximum of three 

finger prick attempts was allowed for each child. To minimize distress and pain, caregivers 

were asked to hold, breastfeed, or provide other distractions for the child. Blood sample vials 

were labeled immediately with water-resistant printed stickers for identification. Samples 

were kept at 4-8°C in cold boxes, and transported to the Indus Hospital Laboratory with 

designated vehicles within two hours of collection.  

4.3.4 Sample size calculation 

The sample size was first determined for the traditional EPI vaccine coverage surveys. The 

2005 WHO reference manual (79) recommended a 30×7 design, i.e. 30 clusters and 7 

observation in each cluster, for rapid vaccination coverage estimation with a desired 

precision of ±10%. We recognized the importance of calculating sample sizes for specific 

research settings and research questions. However, the 30×7 design was commonly used for 
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rapid vaccination coverage monitoring over the world. Given the aim of our parent study to 

compare across survey methods, we applied the popular 30×7 design for all EPI surveys, 

compact segment surveys, and satellite imagery and grid-based surveys. Each of the three 

survey types was then repeated in four rounds, so that when data from the four rounds were 

combined, we could compare Penta3 and MCV1 coverage estimates across survey types with 

a significance level (𝛼) of 5% (two-sided), a power (1 − 𝛽) of 80%, and a detectable 

difference between any two methods of 8.5%. In addition, a lot quality assurance survey was 

conducted in 9 lots (defined as union councils, the lowest level of administrative division in 

Pakistan). We selected 10 clusters in each lot according to the 2012 WHO reference manual 

(58). While the manual recommended 7 enrollments per cluster, we enrolled 10 per cluster 

to ensure sufficient sample size for cross-method comparison. In sum, 3,420 enrollments 

were expected in the 13 surveys. 

The sample size calculation for the nested immune marker assessments was based on 

estimating the bias of oral recall, which was an important intermediate parameter in the 

latent class model. The problem was simplified to estimating sensitivity and specificity of oral 

recall, using paired serological results as the reference, among subsequently enrolled children 

who presented no HBR. Thus, the sample size for sensitivity and specificity estimation was 

determined using Buderer’s formula (73, 74) shown in Equation 4-1. Assuming a 5% desired 

precision and an 80% anticipated positivity of antibody detection, 353 children without 

HBRs were needed based on an anticipated specificity of 90%; or, 206 were needed based on 
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an anticipated sensitivity of 70%. The 2012-13 Pakistan DHS (70) has shown that 45.7%, 

31.7%, and 25.9% of the enrolled households in urban Pakistan, rural Pakistan, and Sindh 

province respectively had valid HBRs retained during survey. To be conservative, we 

assumed that 50% of the enrolled children would have no HBRs. Thus, at least 706 (353/0.5) 

children were needed for the immune marker assessment, which accounted for 

approximately 21% [p] of the 3,420 survey enrollments. Assuming a 25% [q] refusal ratio, 

one of three [p/(1-q)] caregivers who completed the vaccine coverage survey was approached 

for consent of their child to participate in the subsequent immune marker assessments. 

Equation 4-1 Sample size calculation for sensitivity and specificity estimation 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑧

1−
𝛼

2

2 × 𝑆𝑁 × (1 − 𝑆𝑁)

𝐿2 × 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒
 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑧

1−
𝛼

2

2 × 𝑆𝑃 × (1 − 𝑆𝑃)

𝐿2 × (1 − 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒)
 

Note: 𝑆𝑁 is anticipated sensitivity; 𝑆𝑃 is anticipated specificity; 𝐿 is absolute precision 

desired on either side of sensitivity or specificity; 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 refers to percent positive 

antibody detection. 

4.3.5 Laboratory tests 

Serum specimens were extracted by centrifuge at 6,000 g for 3 minutes, divided into two 

equal volume aliquots, and stored at -20°C until tested for measles IgG antibodies with 

enzyme-linked immunosorbent assays (ELISA) (Enzygonost, Siemens, Germany) with 

reported sensitivity and specificity of 99.6% and 100% respectively (97). Serum specimens 

were categorized as negative, equivocal or positive as recommended by the manufacturer. 
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Each ELISA test was run in duplicate to minimize the risk of a single test failure. When 

conflicting results were found between duplicates, equivocal results were assigned. The 

WHO international standard anti-measles serum (#66/202) from the National Institute for 

Biological Standards and Control (NIBSC; UK) was used in a blinded quality assurance test at 

the beginning of the study and was used in each ELISA plate as a positive control to ensure 

the validity of tests. 16 specimens on different plates were randomly retested to assess the 

inter-plate reproducibility. Household asset questions modified from DHS questionnaires 

were used to generate a wealth index through principal component analysis.  

4.3.6 Latent class analyses 

Based on three data sources, serological immune marker assessments, verbal-recalled and 

HBR-documented measles vaccination history, we applied a latent class model (LCM) to 

estimate the true measles vaccine coverage among immune marker assessment participants. 

The model results were then extrapolated to the survey participants without blood draws to 

calculate the population-level estimate of vaccine coverage.  

For each child, the LCM assumed the true vaccination history was unobserved, or latent, 

given that we measured the vaccination history by three separate and imperfectly 

sensitive/specific instruments (immune marker, verbal recall and HBR). The model adjusted 

for the errors inherent in each of the three measurements. In the following, we denote the 

latent vaccination status by vaccination (𝑉𝑎𝑐+) and no vaccination (𝑉𝑎𝑐−), which are 

unknown. 
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Given the vaccination status, we estimated two sets of intermediate parameters to measure 

information errors. For the serological test, LCM was built based on the conditional 

probabilities of “positive” (𝐴𝑏+) “negative” (𝐴𝑏−), and “equivocal” (𝐴𝑏𝑒) given a child’s true 

vaccination history. Similarly, for the observation defined for the pair of verbal recall and 

HBR, the LCM incorporated the probabilities of true vaccination history, given (verbal recall, 

HBR) = (“positive” (⊕)/“negative” (⊖) recall, “positive” (⊞)/ “negative” (⊟)/ “no data” (⊡) 

HBR), a total of six combinations.  

“Don’t know” answers from caregivers were treated as negative recall, according to DHS 

convention (84). Children who received no HBRs or had no HBRs retained in surveys were 

categorized as “no data.” Unreadable HBRs and those showing birth dates or child names 

different from interview results were considered invalid and were treated as “no data.” 

Undistinguishable notations of vaccine doses in valid HBRs were also categorized as “no 

data.” Ambiguous expression of vaccination dates in valid HBRs were considered valid 

indications of vaccination doses. 

This LCM was modified from Hui and Walter’s approach (98) originally proposed for 

estimating diagnostic accuracy without a gold standard. We assumed conditional test 

independence, i.e. the sensitivity and specificity of serological antibody detection were 

independent of the accuracy of recall and HBR. The identifiability of the model parameters 

relied on two assumptions: first, the positive predictive value (PPV) of HBR was greater than 

90%, i.e. among every ten children who had valid HBRs retained in the survey and had 
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MCV1 indicated in the HBRs, at least nine of them actually received MCV1 vaccines; second, 

the negative predictive value (NPV) of HBR and recall combined was higher than 90%, i.e. 

among every ten children who had valid HBRs retained but no MCV1 indicated and whose 

caregiver did not recall MCV1 vaccination, no more than one of them had actually received 

MCV1 vaccine. These assumptions were proposed based on our prior local knowledge and 

were agreed by a group of independent vaccination program experts in Pakistan and at Johns 

Hopkins University. The notations and assumptions for the LCM are described in Section 2.7. 

To estimate the population-level vaccine coverage that include survey samples without 

immune marker assessments, we also assumed that the measurement error parameters were 

shared between the two groups with or without immune marker assessment. We used non-

informative priors on the measurement error parameters.  

We used posterior simulation to draw samples from the joint distribution of the intermediate 

parameters (measurement error probabilities) and obtained the posterior distributions of 

these parameters given the observed data. We used the statistical software Stan version 2.14.0 

(99, 100) within the statistical package R version 3.3.3 (101) to implement a type of posterior 

simulation, named Hamiltonian Monte Carlo (HMC), that draws posterior samples via the 

No-U-Turn sampler (NUTS) (102). After 4,000 burn-in iterations, we obtained the 95% 

credible intervals by calculating the posterior median, and 2.5% and 97.5% percentiles. In 

each iteration, each individual sample was randomly assigned a vaccination status based on 

the estimated intermediate parameters and vaccine coverage was calculated as the proportion 
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of vaccinated. We used the Shinystan package in R (103) for model diagnosis and 

visualization. In addition, because cluster sampling design was used in vaccine coverage 

surveys, the design effects should be incorporated into the errors of the estimates. We 

implemented a bootstrap procedure at the cluster level to construct 95% credible intervals 

for the parameters, in which survey clusters were resampled 400 times with replacement and 

survey samples in selected clusters were pooled with repetition. Vaccine coverage was 

calculated for each burn-in iteration of each bootstrap sample. The credible interval obtained 

from this procedure accounted for both the uncertainty in parameter estimates and the 

uncertainty from the Bernoulli process of assigning vaccination status. 

A publicly available R package, named the Latent Class Modeling for Vaccine Coverage 

Estimation is under development by me to implement this analytic method with generic 

vaccine coverage survey data. The package enables data analysts to estimate true vaccine 

coverage using HBR and caregiver recalls, along with a third data source collected for the 

same individual survey participants. An immune marker assessment is not the only choice 

for the third data source. Other individual-level observations that have an imperfect 

correlation with true vaccination status may also be considered, such as facility-based health 

records.  

4.3.7 Ethical and safety considerations 

Ethical approvals for all study procedures was obtained from the institutional review boards 

at Johns Hopkins Bloomberg School of Public Health and Interactive Research and 
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Development. We received clearance for the study from the Korangi Town Health Office 

and the Sindh Province EPI program. Our survey respondents were provided information 

about the local immunization programs and facilities if their children were under-

vaccinated. All household visited by the study team were given a copy of the EPI 

recommended immunization schedule, regardless of their participation. Nutrition drinks and 

toys with low monetary value were given to the participants as compensation for time spent 

on surveys and blood draws.  

4.4 Results 

4.4.1 Study population and characteristics 

Of the 21,122 households visited by the surveyors, 3,278 (15.5%) were eligible (Figure 4-1). 

459 households were visited more than once before the surveys were completed. 480 visits 

were redundant and excluded because the same households were visited twice for different 

sampling methods. 148 (0.7%) visited households were confirmed as having migrated, did 

not answer the door, or refused to participate before the screening activities were completed. 

Among the eligible households, 18 (0.5%) refused enrollment or postponed before 

enrollment was completed and could not be followed up. Among 3,250 (99.6%) households 

who completed the immunization questions of the interviews, 1,092 (33.9%) were 

randomized for the immune marker assessments. 796 (72.9%) blood samples were 

successfully collected and 52 (4.8%) were collected with insufficient volume (<200µl whole 
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blood). Since only 10µl of serum was required for the ELISA, 50 of the 52 blood samples with 

insufficient volume were still tested. The leading reasons for insufficient blood collection 

were: non-proficient phlebotomy practice, particularly in the beginning of the study; 

children’s excessive body movement; and termination requested by family during blood 

collection. Of the remainder, 210 (19.2%) households refused the blood draw, and 34 (3.1%) 

were lost to follow-up if blood could not be collected during the first visit. A blood draw 

might have been postponed for various reasons, including: child absence; intended 

postponement due to recent MCV/Penta vaccination; caregiver request for postponement; 

family migration; and house locked. The postponed cases were revisited up to two times until 

categorized as lost to follow-up, except for 15 lost-to-follow-up cases near the end of the 

study. 

Summary characteristics of the sample, stratified by immune marker assessment 

participation, are displayed in Table 4-1. The mean age was 17.0 months (standard deviation, 

3.4 months), and girls comprised a slight minority of study participants (44.2%). Though not 

shown in the table, no significant difference was identified between the subjects who were 

randomized for the immune marker assessment and those who were not. Among those 

randomized for the immune marker assessment, parents of children who actually 

participated were slightly less educated than those who refused or who were lost to follow-

up (median 6.4 versus 8 years of education, p value <0.001), they were less likely to deliver in 

hospitals and clinics (79.1% versus 87.2%, p value=0.004), they were more likely to be from 
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the wealthiest 20% households (30.7% versus 20.3%, p value=0.001), and their children’s 

weight was closer to the standard weight-for-age (Z score: -1.2 versus -1.5, p value=0.002). 

No other demographic or socioeconomic differences were found between the immune 

marker assessment participants and refusals. Additionally, the two groups showed similar 

proportions of HBR availability, HBR retention, MCV1 indication in HBR, and caregiver’s 

MCV1 recall.   
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Table 4-1 Characteristics of surveyed children and factors associated with immune marker 
sub-study participation 

 

Survey 
completed 

 
Randomized for immune marker assessment 

  
Frequency (%3)  
/ median [IQR]   Blood collected 

Refused / lost 
follow-up p-value1 

Number of children 3,250 (100.0) 
 

848 (100.0) 244 (100.0) 
 Child age in month at 

enrollment, mean (SD) 17.0 (3.4) 
 

17.2 (3.4) 16.9 (3.3) 0.150 

Child sex: Female 1,430 (44.2) 
 

372 (44.2) 96 (39.3) 0.175 

Child born in Korangi 2,007 (93.1) 
 

792 (93.4) 234 (95.9) 0.148 
Father's education in years  8 [0, 10] 

 
6.4 [0, 10] 8 [5, 12] <0.001 

Mother's education in years 8 [3, 10] 
 

6.5 [0, 10] 8.4 [6, 11] <0.001 

Mother has a job, other than 
housewife 119 (3.7) 

 
38 (4.5) 6 (2.5) 0.157 

Mother owns a mobile phone 2,143 (66.1) 
 

568 (67.0) 163 (67.1) 0.977 

Institutional birth 2,592 (79.9) 
 

670 (79.1) 212 (87.2) 0.004 
Breastfeeding duration 

(months) 14 [9, 18] 
 

14 [10, 18] 13 [9, 16] 0.053 

Wealth index quintile  
    

0.796 
among first 
4 quintiles; 

0.001 
between 

first 4 and 
wealthiest 

    - Poorest 650 (20.0) 
 

170 (20.1) 41 (16.8) 

    - Second 650 (20.0) 
 

161 (19.0) 44 (18.0) 

    - Third 650 (20.0) 
 

165 (19.5) 36 (14.8) 

    - Fourth 650 (20.0) 
 

180 (21.2) 48 (19.7) 

    - Wealthiest 650 (20.0) 
 

172 (20.3) 75 (30.7) 

Monthly household income in 
thousand PKR 

15 [12, 20];  
31.4% missing 

 

15 [12, 20]; 
26.5% missing 

15 [12, 20];  
43.0% missing 

0.951 
  

Weight-for-age Z score -1.4 (1.3)  -1.5 (1.3) -1.2 (1.3) 0.002 

Ever received HBR 2,889 (89.4) 
 

740 (87.9) 223 (91.4) 0.128 

Retained valid HBR in survey2 1,746 (54.0)  474 (56.3) 132 (54.1) 0.543 

HBR indicated MCV1 receipt 1,368 (78.8)  370 (78.4) 104 (79.4) 0.805 

MCV1 vaccination recalled 2,278 (70.7)   576 (68.3) 177 (73.1) 0.146 
1. Comparison between immune marker assessment participants and refusals. Chi-square or Fisher's exact test 

for categorical variables; t test for normal continuous variables; Wilcoxon rank sum test for non-normal 

continuous variables. 

2. Count of valid HBR retention excluded 17 verified invalid HBRs. 

3. Missing values were excluded from calculation of percentage. 
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4.4.2 Survey results and measles antibody detection 

ELISA tests to detect anti-measles IgG antibody were run in duplicate. The test 

reproducibility was verified by an excellent agreement between duplicates (99.9% for 

positive and negative tests) and a high correlation between repeated tests in different plates 

(16 specimens retested; ICC(2,1)=0.97; [0.93, 0.99]). As shown in Table 4-2a, among the 848 

immune marker assessment participants, 360 (42.5%) and 342 (40.3%) were respectively 

tested negative and positive for anti-measles IgG antibody; and 146 (17.2%) tests were 

equivocal, i.e. the existence of antibody could not be confirmed because ELISA optical 

density values fell in between manufacture-defined positive and negative thresholds. Valid 

HBRs were retained for 474 (55.9%) immune marker assessment participants. The HBR 

retention ratio was significantly higher among children with positive (odds ratio (OR)=1.88; 

p-value<0.001) and equivocal tests (OR=3.79; p-value<0.001), compared to those who had no 

anti-measles IgG detected. 

The concordance of survey results and antibody detection is shown in Table 4-2b-d. Three 

different definitions of vaccine receipt for the traditional estimates of vaccine coverage are 

shown in the tables: receipt confirmed by either HBR or recall among all surveys participants; 

receipt confirmed by only HBR among the children with valid HBR retained; and receipt 

confirmed by either HBR or recall among the children with valid HBR retained. As expected, 

the traditional definitions of vaccine receipt did not have good agreement with antibody 

detection results (kappa coefficient < 33%). If equivocal ELISA results were all considered a 
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positive indication of antibody existence, a small increase in the agreement could be 

observed.  

Table 4-2 Concordance of survey results and measles antibody detection 

a.        

HBR retention 

ELISA Measles IgG 
     Negative Positive Equivocal Total   

   Not retained 197 135 36 368 43.4% 
   Retained 159 205 110 474 55.9% 
   Verified invalid 4 2 0 6 0.7% 
   Total 360 342 146 848 100.0% 
     42.5% 40.3% 17.2% 100.0%   
   b. 

        MCV1 receipt 
by card or recall 
among all   

ELISA Measles IgG 
   

Equivocal 
excluded 

Equivocal 
as positive 

Negative Positive Equivocal Total   
 Missed 172 62 10 244 28.8% Agreement 0.64 0.69 

Received 187 280 136 603 71.1% Kappa 0.30 0.35 
Unknown 1 0 0 1 0.1%    

Total 360 342 146 848 100.0%    
  42.5% 40.3% 17.2% 100.0%         

c. 
        HBR indicated 

MCV1 among 
HBR retained 

ELISA Measles IgG 
   

Equivocal 
excluded 

Equivocal 
as positive 

Negative Positive Equivocal Total     
  

Missed 70 25 7 102 21.5% Agreement 0.69 0.74 
Received 89 179 102 370 78.1% Kappa 0.33 0.37 

Unknown1 0 1 1 2 0.4%    
Total 159 205 110 474 100.0%    
  33.5% 43.2% 23.2% 100.0%         

d. 
        MCV1 receipt 

by card or recall 
among HBR 
retained   

ELISA Measles IgG 
   

Equivocal 
excluded 

Equivocal 
as positive 

Negative Positive Equivocal Total       

Missed 46 15 2 63 13.3% Agreement 0.65 0.73 
Received 113 190 108 411 86.7% Kappa 0.23 0.28 

Total 159 205 110 474 100.0%    
  33.5% 43.2% 23.2% 100.0%      

1. Two children had valid HBR retained, but the MCV1 indications were not distinguishable.  
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4.4.3 Posterior distribution of intermediate parameters 

HBR and caregiver’s recall data from the surveys were combined in the latent class model to 

estimate the intermediate parameters that were needed to assess the estimate of true vaccine 

coverage. In Figure 4-2, the posterior distributions of those parameters were demonstrated 

along with interpretations. The distributions were truncated to the 95% credible intervals 

and the point estimates, i.e. posterior medians, were indicated by small sticks in the graph. 

When measles vaccine was not received, the probabilities of negative, positive and equivocal 

ELISA results were 0.740 [0.665, 0.822], 0.233 [0.163, 0.298], and 0.025 [0.003, 0.061] 

respectively. When the vaccine was received, those probabilities were 0.215 [0.159, 0.269], 

0.516 [0.467, 0.569], and 0.269 [0.226, 0.316] respectively. Among children with HBRs 

indicating no MCV1, the PPV of verbal recall (ℙ(𝑉𝑎𝑐+| ⊠,⊟,⊕)) was 0.309 [0.078, 0.591]. 

Among children with no valid HBR retained, the PPV of verbal recall (ℙ(𝑉𝑎𝑐+| ⊡,⊕)) was 

0.658 [0.499, 0.819] and the NPV ( 1 − ℙ(𝑉𝑎𝑐+| ⊡,⊖)) was 0.906 [0.765, 0.993]. 

Additionally, the density distributions reflected the assumptions that the PPV of HBR 

(ℙ(𝑉𝑎𝑐+| ⊠,⊞)) and NPV of recall when HBR indicated no MCV1 (1 − ℙ(𝑉𝑎𝑐+| ⊠,⊟,⊖)) 

were restricted to the 0.90-1.00 range. The credible intervals of some intermediate parameter 

estimates were wide because the sample size was small in certain strata. For example, only 39 

of 848 immune marker assessment participants had MCV1 recalled but HBR indicated no 

vaccination (⊠,⊟,⊕). Through combining the intermediate parameters in each stratum, the 

overall estimate of MCV1 coverage among immune marker assessment participants was 60.5% 
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[54.2, 67.1]. Next, assuming the intermediate parameters were independent of immune 

marker assessment participation, the model was extrapolated to the entire survey sample. 

The estimate of true MCV1 coverage among all vaccine coverage survey participants was 

61.0% [54.6, 67.6], which suggested that the immune marker assessment participants was a 

representative subsample of the entire survey participants. An interactive visualization of the 

model results has been made available at 

https://wenfenggong.shinyapps.io/KorangiVxCov_trueMCV1/.  

4.4.4 Comparison between MCV1 coverage estimates 

In Table 4-3a, the true estimate of MCV1 coverage was compared to the traditional HBR and 

recall-based coverage estimates. The three traditional estimates were all significantly higher 

than the true estimate. Although the traditional estimates appeared to have lower standard 

errors, the precision among those estimates should not be compared. Comparison of precision 

is only meaningful when the estimates measure the same underlining value but the 

traditional estimates, as proportions of vaccination documented in HBRs or recalled by 

caregivers, are only surrogates of coverage estimates. The confidence interval for the true 

coverage estimate incorporated both sampling errors and the uncertainty associated with the 

intermediate parameters. The survey design effect (DEFF) associated with the true estimate 

of MCV1 coverage was evaluated using a bootstrapping method (Table 4-3b). The DEFF was 

1.47 among the immune marker assessment subsample and 1.25 for the extrapolated estimate 

among all survey participants.  
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Table 4-3 Comparison between traditional vaccine coverage estimates and true estimate of 
MCV1 coverage 

a. MCV1 coverage estimates without survey design effect incorporated 

 
Among immune marker 
assessment subsample 

 
Among all survey participants 

  Est. % N SE    Est. % N SE   

MCV1 receipt by card or 
recall among all   

71.2 
[68.1, 74.2] 

847 1.56 
 

 
73.2 

[71.7, 74.7] 
3,234 0.78 

 
HBR indicated MCV1 among 
HBR retained 

78.4 
[74.4, 81.9] 

472 1.90 
 

 
78.8 

[76.8, 80.7] 
1,736 0.98 

 
MCV1 receipt by card or 
recall among HBR retained 

86.7 
[83.2, 89.4] 

472 1.57 
 

 
87.4 

[85.8, 88.9] 
1,736 0.80 

 
True MCV1 coverage 
estimate1,2 

60.5 
[54.2, 67.1] 

N/A 3.43    
61.0 

[54.6, 67.6] 
N/A 3.65   

     
 

    b. MCV1 coverage estimates with survey design effect incorporated 

 
Among immune marker 
assessment subsample 

 
Among all survey participants 

  Est. % N SE DEFF  Est. % N SE DEFF 

MCV1 receipt by card or 
recall among all   

71.2 
[67.8, 74.4] 

847 1.68 1.16  
73.2 

[71.3, 75.1] 
3,234 0.96 1.51 

HBR indicated MCV1 among 
HBR retained 

78.4 
[74.2, 82.0] 

472 2.00 1.11  
78.8 

[76.6, 80.8] 
1,736 1.06 1.17 

MCV1 receipt by card or 
recall among HBR retained 

86.7 
[83.2, 89.5] 

472 1.60 1.04  
87.4 

[85.6, 89.1] 
1,736 0.87 1.21 

True MCV1 coverage 
estimate3 

60.5 
[52.6, 69.0] 

N/A 4.16 1.47  
61.1 

[53.5, 69.4] 
N/A 4.08 1.25 

1. True MCV1 coverage estimate among immune marker subsample was direct LCM output. The model 

was extrapolated to other survey participants to calculate the population estimate. 

2. Posterior median and 2.5% and 97.5% percentiles were reported respectively as point estimate and 

lower and upper bounds of the credible interval. 

3. Design effect was incorporated in LCM outputs using bootstrapping approach at survey cluster level. 

4.4.5 Assessments of information biases 

To understand the difference between traditional estimates and the true estimates of MCV1 

coverage, we evaluated the biases associated with HBR and caregiver’s recall using the true 

coverage estimate as the reference, among the immune marker assessment participants. As 

shown in Table 4-4a, among children with no valid HBR retained (n=376; 44.3%), 51.6% 
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recalled MCV1 vaccination with moderate sensitivity of 0.88 [0.74, 0.99] and specificity of 

0.71 [0.62, 0.83]. If all recalled vaccinations were considered valid, according to the 

traditional “HBR or recall” coverage definition, the coverage would be significantly 

overestimated by a difference of 12.8% [0.3, 24.2] among those in whom the HBR was not 

retained. In Table 4-4b, however, the proportion of vaccine indication in HBR and the 

proportion of positive recall among the children with valid retained HBR were close to the 

true coverage estimate, despite misclassifications in both directions.  

Next, we evaluated the information biases separately among children with positive and 

negative HBR results. In Table 4-4c, among participants with valid HBR indicating no MCV1 

vaccination (n=102; 12.0%), 38.2% recalled MCV1 vaccination with moderate sensitivity of 

0.82 [0.38, 1.00] and fair specificity of 0.69 [0.62, 0.81]. If all recalled vaccinations were 

considered valid, the coverage would be significantly overestimated by a difference of 23.5% 

[10.8, 34.3] among HRB retained indicating no vaccination. On the other hand, the 

traditional “HBR only” coverage definition, excluding all recall information, would 

significantly underestimate the coverage by a difference of 14.7% [3.9, 27.5] among children 

who had no indication in the HBR. In Table 4-4d, among participants with valid retained 

HBR and MCV1 vaccination indicated as having been received (n=370; 43.6%), the model 

assumed that the HBR had a PPV over 90%. The sensitivity of recall was high at 0.93 [0.92, 

0.93], but the specificity was only 0.06 [0.00, 0.27]. Importantly, we found that the 

sensitivity and specificity of caregiver’s recall were not independent of HBR retention and 
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vaccine receipt documentation, which could undermine the validity of traditional recall bias 

estimation using HBR as reference.  

Table 4-4 Evaluation of biases associated with HBRs and caregiver's recall 

a. 
Among immune marker assessment participants with 

NO valid HBR retained1,2 , n=376 
  

 

Prop. (%)  
[95% CI]3 

Bias (prop - ref.) 
[95% CI] 

Sensitivity 
[95% CI] 

Specificity 
[95% CI] 

PPV4 
[95% CI]  

NPV 
[95% CI] 

HBR indicated MCV1  N/A N/A N/A N/A N/A N/A 

Caregiver recalled 
MCV1 

51.6 
12.8 

[0.3, 24.2] 
0.88 

[0.74, 0.99] 
0.71 

[0.62, 0.83] 
0.66 

[0.50, 0.82] 
0.91 

[0.76, 0.99] 

True MCV1 coverage 
estimate (reference) 

38.8 
[27.4, 51.3] 

N/A N/A N/A N/A N/A 

       

b.  
Among immune marker assessment participants with 

valid HBRs retained1,2 , n=472 
  

 

Prop. (%)  
[95% CI]3 

Bias (prop - ref.) 
[95% CI] 

Sensitivity 
[95% CI] 

Specificity 
[95% CI] 

PPV4 
[95% CI]  

NPV 
[95% CI] 

HBR indicated MCV1  78.4 
0.6 

[-4.4, 5.9] 
0.96 

[0.92, 0.99] 
0.83 

[0.68, 1.00] 
0.95 

[0.89, 1.00] 
0.85 

[0.72,0.96] 

Caregiver recalled 
MCV1 

80.9 
3.2 

[-1.9, 8.5] 
0.92 

[0.91, 0.93] 
0.59 

[0.48, 0.74] 
0.89 

[0.82, 0.95] 
0.69 

[0.61, 0.73] 

True MCV1 coverage 
estimate (reference) 

77.8 
[72.5, 82.8] 

N/A N/A N/A N/A N/A 

       

c.  
Among immune marker assessment participants with 

valid HBR and NO MCV1 indication1,2 , n =102 
  

 

Prop. (%)  
[95% CI]3 

Bias (prop - ref.) 
[95% CI] 

Sensitivity 
[95% CI] 

Specificity 
[95% CI] 

PPV4 
[95% CI]  

NPV 
[95% CI] 

HBR indicated MCV1  0.0 
-14.7 

[-27.5, -3.9] 
0.00 1.00 N/A 

0.85 
[0.72,0.96] 

Caregiver recalled 
MCV1 

38.2 
23.5 

[10.8, 34.3] 
0.82 

[0.38, 1.00] 
0.69 

[0.62, 0.81] 
0.31 

[0.08, 0.59] 
0.95 

[0.86, 1.00] 

True MCV1 coverage 
estimate (reference) 

14.7 
[3.9, 27.5] 

N/A N/A N/A N/A N/A 

     

  

d. 
Among immune marker assessment participants with 

valid HBR and MCV1 indicated 1,2 , n =370 
  

 

Prop. (%)  
[95% CI]3 

Bias (prop - ref.) 
[95% CI] 

Sensitivity 
[95% CI] 

Specificity 
[95% CI] 

PPV4 
[95% CI]  

NPV 
[95% CI] 

HBR indicated MCV1  100.0 4.9 1.00 0.00 0.95 N/A 



146 

 

[0.0, 11.1] [0.89, 1.00] 

Caregiver recalled 
MCV1 

92.7 
-2.4 

[-7.2, 3.8] 
0.93 

[0.92, 0.93] 
0.06 

[0.00, 0.27] 
0.95 

[0.89, 1.00] 
0.04 

[0.00, 0.19] 

True MCV1 coverage 
estimate (reference) 

95.1 5 
[88.9, 100.0] 

N/A N/A N/A N/A N/A 

1. All estimates were based on model outputs; survey design effect was not incorporated; estimates were not 

extrapolated to survey subjects beyond immune marker assessment participants. 

2. Posterior median and 2.5% and 97.5% percentiles were reported respectively as point estimate and lower 

and upper bounds of the credible interval. 

3. Because this table was intended to estimate the information biases among the study participants, but not 

the target population, confidence intervals were not calculated for the proportion of HBR and recalled 

indications. 

4. PPV: positive predictive value; NPV: negative predictive value. 

5. The LCM assumed that the probability of vaccination among children with MCV1 indicated in HBR is 

larger than 90% but the lower bound of credible interval below 90% was valid. Although the population 

expected coverage was >90%, the coverage among this subsample of immune marker assessment 

participants could be lower due to random sampling error. 

 

4.5 Discussion 

Through incorporating immune marker assessments in prospective vaccine coverage surveys, 

the current study demonstrated an innovative approach to evaluate and overcome survey 

information biases associated with HBRs and caregiver’s recall of vaccination history. In 

traditional vaccine coverage surveys, the proportion vaccinated as documented in HBRs and 

recalled by caregivers are used as surrogate estimates of vaccine coverage. While the 

information biases are often acknowledged to exist (104-108), they are usually unmeasurable 

due to the lack of gold standard indicators of vaccination at the population level. In this 

study, we presented a latent class statistical method to quantify the biases of HBR and recall 

with immune marker data from the same survey participants. Based on the understanding of 
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the biases, for the first time, we have been able to actually estimate the coverage of measles 

vaccination instead of only reporting the proportions based on surrogate indicators.  

The traditional estimates of MCV1 coverage were substantially higher than the true estimate 

in this study for two major reasons: first, when both HBR and recall were considered as 

indicators of vaccination, the estimates were inflated by caregiver’s false positive recall, 

especially among those with no retained HBR; second, when the traditional estimates only 

considered the survey respondents with retained HBRs, the coverage among the children 

who did not have HBR was mistakenly ignored, even though it was different from that of 

those with a retained HBR. Though it was not observed in this study, the traditional estimate 

based on both HBR and recall data could potentially be lower than the true estimate when 

false negative recall is common. We suspect such negative biases would likely be observed 

for multi-dose vaccines, such as the third dose of pentavalent or polio vaccine, and in highly 

mobile communities, such as among refugees.  

Due to the lack of gold standard vaccination indicators, survey investigators often attempt to 

evaluate caregiver’s recall bias using vaccine documentations in HBR as the reference (106). 

Such practice assumes that HBR documentation is perfectly accurate and recall bias is 

independent of HBR retention. However, as suggested in Table 4-4, the NPV of HBRs can be 

low and the recall bias can be hard to predict. Therefore, evaluation of caregiver’s recall bias 

is only valid when the latent vaccination status is first evaluated. 
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Overcoming the information biases is more important when HBR retention is low because 

recall bias can be large among survey participants with no HBR (Table 4-4a) and its impact 

on traditional estimates is magnified without sufficient information from HBR. However, 

vaccine coverage monitoring in high HBR retention settings can also benefit from the 

current method, because: first, not all vaccinations are documented in HBR (imperfect 

sensitivity) and not all HBR vaccine documentations are true (imperfect PPV). In the latent 

class model, those errors are evaluated and are accounted for in the true coverage estimate. 

Second, the true coverage estimate is not sensitive to survey implementation quality. In 

surveys with insufficient training and supervision, interviewers often fail to retain HBRs or 

incorrectly record information from them. These mistakes can lead to a poor correlation 

between HBR and serological evidence, thus, reducing the precision of latent class modeling. 

However, the estimate of true coverage, even with lower precision, is still better than the 

traditional estimates, which fail to incorporate the recording mistakes.   

Although two doses of measles vaccines are included in Pakistan’s EPI immunization 

schedule at 9 and 15 months of age, the current latent class model can only estimate MCV1 

coverage. As seroconversion from a single dose of MCV is usually high (approximately 85% 

at nine months of age), the second dose is intended to induce immunity in that small fraction 

failing immunogenicity from the first dose. Children who received two doses of measles 

vaccines are not distinguished by ELISA from those received only one since the increase of 

short-term immunity by the second dose is usually not large enough to detect. Also, the 
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sample size for modeling the coverage of MCV2 is not sufficient in this study because the 

survey enrolled children between 12 and 23 months of age, while most MCV2 injections are 

given between 15 and 18 months of age. In addition to the anti-measles IgG, we are planning 

to test the sera for anti-tetanus toxoid IgG (Euroimmun ELISA (109)). The intention of this 

testing is to improve the estimation of pentavalent vaccine coverage. Because infants are 

scheduled to receive three doses of pentavalent vaccine, the anti-tetanus toxoid IgG 

assessments will allow us to improve the latent class model to distinguish the number of 

doses and estimate the dropout ratios between doses.  

The selection of immune markers for vaccine coverage monitoring is limited. Antigens can 

be useful for this purpose only if certain conditions exist: (a) the vaccine-induced immunity 

can be reasonably distinguished from naturally acquired immunity, or naturally acquired 

immunity is not prevalent. In the LCM, a low proportion of naturally acquired immunity is 

accommodated, as they are excluded from vaccine coverage estimation with intermediate 

parameters. However, when the correlation between true vaccination status and immune 

marker detection is low due to prevalent naturally acquired immunity, the precision of 

estimation is reduced; (b) there are accurate and reliable assays for immune marker 

assessment that can be deployed in low-resource settings. Rapid testing techniques and assays 

with no need for blood samples could ease the implementation challenges of serological 

surveys, but insufficient accuracy often makes them inapplicable for that purpose; and (c) the 
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corresponding vaccine should be of primary interest to immunization programs. The current 

potential targets are as follows.  

Measles: ELISA kits are commercially available for both blood (97) and oral fluid samples 

(86). Measles coverage at one year of age is an important indicator of immunization program 

performance. However, the correlation between immune marker detection and true 

vaccination can be undermined by prevalent infection-induced immunity in areas with 

substantial rates of measles or a recent measles outbreak. In latent class models, low 

correlation between the presence of immunity and the history of vaccination can lead to low 

precision of estimation. In this study, results suggested that measles was likely circulating in 

Korangi because the estimated probability of positive antibody detection among the 

unvaccinated children was 23.3%, which was likely too high to be completely attributable to 

the misclassification of the ELISA tests. Also, a case-by-case investigation revealed that 14 of 

15 children with negative HBR and negative recall but positive ELISA results had extremely 

high antibody levels (>5 IU/ml) and the mothers of 12 of these infants recalled a measles 

diagnosis. 

Tetanus: The prevalence of infection-induced tetanus toxoid antibody is very low, which 

makes it a highly specific indicator of pentavalent vaccination. Penta1 coverage is an 

important indicator of children’s access to immunization programs, and Penta3 coverage 

demonstrates the full use of immunization services in the first six months of life. Both ELISA 

kits (109) and rapid testing kits (110) are commercially available for anti-tetanus toxoid IgG 
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in blood samples, but the ability of these assays to distinguish the immune response to 

different numbers of vaccine doses is still under evaluation.  

Hepatitis B: Anti-hepatitis B surface antibody (anti-HBs) is a potential immune marker for 

pentavalent vaccination monitoring. However, to distinguish current, past, and chronic 

hepatitis B infection from vaccine-induced immunity, requires the testing of at least HBsAg, 

anti-HBc and anti-HBs. Also, the low seroconversion rate following one or two doses of 

hepatitis B vaccine limits the feasibility of Penta1 and Penta2 coverage estimation.  

Surveys often attempt to differentiate routine immunization history and vaccine doses 

received during supplementary immunization activities (SIAs), because SIA doses are often 

not recorded in HBRs and it is feasible to identify caregiver recalled SIA doses based on the 

date and location of vaccination. In this study, though immune markers do not distinguish 

the source of vaccination, SIA doses are not inherently part of the true estimate of vaccine 

coverage. If SIA doses are excluded from both HBR documentation and caregivers’ recall, the 

seroconversion following SIA doses are captured in one intermediate parameter: the 

proportion of positive antibody detection given no vaccination, i.e. ℙ(𝐴𝑏+|𝑉𝑎𝑐−). However, 

if the HBR and recall fail to distinguish SIA doses, the composition of true estimate of 

vaccine coverage is also ambiguous. In our case, no measles SIAs were conducted in Korangi 

town for the study cohort.  
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A large proportion (17.2%; Table 4-2) of the specimens had equivocal serology results based 

on the manufacturer-defined classification (97). For a well-performed ELISA test, equivocal 

results are probably caused by one of four reasons: imperfect sample conditions, such as 

general protein degradation (low total antibody level) due to imperfect blood sample 

preparation; the nearly undetectable low level of target antibody titer; insufficient primary 

antibody coating; and nonspecific binding leading to high background noise. Since the 

current study is intended to ascertain the history of vaccination, it is intended to define 

positive serostatus even when a protective antibody level is not achieved. Thus, the 

manufacturer-defined classification is probably too conservative for our purpose. While the 

estimated probability of an equivocal antibody result, given no vaccination, i.e. ℙ(𝐴𝑏𝑒|𝑉𝑎𝑐−), 

was close to zero, the probability was 0.269 [0.226, 0.316] when vaccination was received, i.e. 

ℙ(𝐴𝑏𝑒|𝑉𝑎𝑐+). If all equivocal results were considered positive, we would obtain a vaccine 

coverage estimate of 62.1% [55.1, 69.4] without design effect incorporation, compared to the 

current estimate of 61.0% [54.6, 67.6].  

A significant proportion of survey participants refused blood draw (19%) or were lost to 

follow-up (3%), after being randomized for immune marker assessments. We believe that 

household-based blood collection and the security issues in Korangi town were among the 

reasons for the high refusal rate. As shown in Table 4-1, children from more educated 

families and who were born at a facility rather than a home were more likely to decline. 

While the refusals were more likely from households in the wealthiest quintile, interestingly, 
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we observed no difference in refusals across the lower four quintiles. The Pakistan 2012-13 

DHS survey (70) revealed that mother’s education and household wealth were positively 

associated with measles vaccination. We also found higher HBR retention (OR=1.6, p 

value<0.001), HBR documented MCV1 (OR=1.9, p value<0.001), and recalled MCV1 

(OR=1.83, p value<0.001) among the households in the wealthiest quintile. However, we did 

not observe a significant difference of HBR documented vaccine receipt or caregiver’s recall 

between the serosurvey participants and those who refused participation. Thus, the 

intermediate parameters assessed from the immune marker assessment participants were 

extrapolated to the refused group to estimate the vaccine coverage. If we assume that the 

refused group actually had a less severe positive recall bias due to better education, the 

current estimate would be an overestimate of MCV1 coverage, even though it is already 

lower than the traditional estimates.  

An important set of assumptions that all latent class statistical models have to make is how 

the joint distribution of observed variables, i.e. HBR, recall, immune marker, is characterized, 

conditional on the latent variable, i.e. vaccination status. A statistical discussion of those 

assumptions was provided by Collins and Albert (111). In this study, we made a relatively 

simple assumption of conditional test independence, which meant that the sensitivity and 

specificity of immune marker detection were independent of the accuracy of recall and HBR. 

This assumption is generally valid because most factors affecting laboratory tests are not 

related to the accuracy of vaccination indicators in the field. However, this assumption may 
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not hold when malnutrition or HIV infection is prevalent among children, because those 

conditions not only impede immune responses to vaccines, but are also associated with 

socioeconomic factors that determine HBR retention, recall bias, and accuracy of HBR 

accuracy. If we assume that low HBR retention was associated with malnutrition, the current 

method would underestimate the MCV1 coverage. In this study, there was very little relation 

between HBR retention and children’s weight-for-age Z-score (-1.47 among card not 

retained and -1.38 among card retained, p value=0.054). 

Considering that waning immunity can interfere with the inferences drawn between true 

vaccination status and the presence of antibodies, Wood et.al. (92) modeled the effects of 

waning immunity on the results of measles serosurveys and illustrated the feasibility of 

avoiding the impact of waning when measles immune markers are used. The current method 

did not model the age difference of immune response or the waning immunity. Instead, 

overall accuracy of the immune marker was assessed for all study subjects. Future work to 

model the age difference may enable the evaluation of vaccine timeliness and improve the 

model precision.  

The feasibility of improving vaccine coverage monitoring with immune marker assessments 

may be diminished by operational difficulties and high costs of serological surveys. We have 

conducted a qualitative study among our field research staff to determine the challenges of 

nesting household-based blood collection activities in vaccine coverage surveys. An 
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operational cost analysis has also been planned to assess the financial feasibility based on 

field documentation of itemized costs. The results will be provided elsewhere.  

Through the current study, we intended to improve vaccine coverage monitoring by 

combining survey data with an additional piece of evidence, namely immune marker 

assessments. Similar attempts have been made by Lessler and colleagues (43) using a 

combination of survey results and administrative data in a likelihood framework. Statistically 

speaking, incorporation of additional evidence, though imperfect, to existing knowledge 

should always improve the estimates toward the true, albeit latent, values. For vaccine 

coverage monitoring, a range of additional evidence may be considered, including immune 

markers, administrative data, and vaccine storage and supply records. The 2015 revision of 

the WHO EPI survey reference manual (81) has raised interest in using facility-based health 

records (FBRs) to overcome the low HBR retention issue. If FBRs are reviewed for all survey 

participants regardless of their HBR retention, this additional evidence can be incorporated 

in the latent class models to estimate the true vaccine coverage. Similar to immune markers, 

FBR vaccine documentations are correlated with true vaccination status with imperfect 

sensitivity and specificity. Obtaining FBR information is probably easier than conducting 

serological surveys, but a potential challenge of using this evidence is that children with no 

access to healthcare are not represented in FBR denominators.  

This study illustrated that combining additional imperfect evidence with public health 

survey data using contemporary statistical methods can allow us to evaluate and overcome 



156 

 

the information biases of survey results. Besides acknowledging the information biases in 

publications, survey investigators are encouraged to seek statistical solutions for data 

triangulation. When serological assessments are considered during survey design, careful 

consideration is needed regarding the selection of biomarkers, handling of refusals, 

operational challenges, and costs.
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4.6 Figures for Chapter 4 

Figure 4-1 Enrollment summary for immune marker sub-study participants 
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Figure 4-2 Posterior distribution of intermediate parameters and MCV1 converge estimate 
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Chapter 5. Computer-facilitated near-time data quality 

inspection for vaccine coverage surveys  

5.1 Abstract 

Problem 

Household surveys are an essential tool for vaccine coverage monitoring in developing 

countries. Quality assurance during field data collection is a prerequisite for accurate survey 

results. However, due to the absence of adaptable protocols and tools, the standard of field 

data quality inspection is often insufficient to meet the quality assurance needs.  

Local setting 

A series of population-based clustered vaccine coverage surveys were conducted in Karachi, 

Pakistan to study immunization monitoring methodologies in low income settings. The 

development of computer-facilitated, near-time data quality inspection process was 

integrated into the existing data quality assurance methods in use.  

Approach 

Basic daily field data inspection was performed by the interviewers and field supervisors 

according to the 2015 revision of WHO Expanded Program on Immunization (EPI) vaccine 

coverage cluster survey reference manual. We developed a comprehensive facilitation tool 

with a user-friendly interface to allow additional near-time inspection of the digital database 
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by a field data monitor without expertise in statistical programming. A Stata-based software 

package was further developed to help future surveyors customize this tool for other 

questionnaires.   

Relevant changes 

Through the computer-facilitated near-time data inspection process, 31,384 data queries 

were generated, among which exactly 28,000 (89.3%) were resolved. The facilitation tool 

played an essential role in cross-variable identification of data conflicts and prompt 

recognition of data duplication and submission failures.  

Lessons learnt 

The computer-facilitated near-time data inspection process is feasible, effective, and 

potentially generalizable. It provided an important addition to daily questionnaire checking 

by interviewers and field supervisors allowing prompt detection of data quality issues which 

triggered corrective actions.  
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5.2 Introduction 

Household surveys serve an important role in immunization program monitoring activities, 

especially in low-income countries, where immunization registries are often incomplete, 

unreliable, or inaccessible (32). In those surveys, children’s routine vaccination history and 

campaign vaccine receipt are ascertained by trained interviewers through caregivers’ verbal 

recall, household-based health records (HBRs), and facility-based health registers. Field data 

collection of high quality is the cornerstone of accurate survey results and should minimize 

the probability of data fraud, recording errors, mismatched data, and loss of data. Various 

standards are used for field data quality monitoring activities in different national and sub-

national surveys, and are often poorly documented. The recently revised World Health 

Organization (WHO) Expanded Program on Immunization (EPI) vaccine coverage cluster 

survey reference manual (81) recommended thorough inspection of every questionnaire for 

completeness, legibility, and accuracy by both interviewers and their supervisors before 

leaving each cluster area. These daily activities to monitor data collection progress, evaluate 

data quality, detect systematic errors, generate data queries, and correct data values during 

the survey implementation are called “near-time data inspection” activities in this paper to 

distinguish them from the “real-time data inspection” facilitated by the electronic data 

capture (EDC) tools during surveys.  

Well-designed protocols and tools are required to ensure effective near-time data inspection. 

The USAID-supported Demographic and Health Surveys (DHS) (84), and the multilateral 
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Standardized Monitoring and Assessment of Relief and Transitions (SMART) surveys (112) 

have implemented advanced computer programs to facilitate near-time data inspection by 

designated data quality monitors/coordinators. However, these tools are rarely available for 

vaccine coverage cluster surveys due to the limitations in resources and lack of statistical 

programming expertise among EPI surveyors to develop ad hoc tools. A user-friendly, 

generalizable, and customizable approach for near-time data quality assessment, adapted for 

EPI surveys, would be valuable. In this paper, we report on the experience of a near-time 

data inspection quality assurance program developed and implemented for a vaccine 

coverage survey method study in Karachi, Pakistan, and introduce a generalizable computer-

facilitated approach for future surveys.   

5.3 Local setting 

We conducted 13 population-based clustered vaccine coverage surveys in Korangi town of 

Karachi from January to December 2016 for a project to improve vaccine coverage 

monitoring methods. Children between 12 and 23 months of age were enrolled in any of four 

different household sampling designs to investigate the efficiency and accuracy of the 

sampling methods. Serological immune marker assessments were nested in the surveys 

among a subset of children. The eligibility screening procedures recommended in the 2005 

WHO EPI survey reference manual (79) were followed. Survey questions modified from the 

DHS survey instruments (70) were used to obtain caregivers’ verbal recall on children’s 

immunization history. Specially programmed handheld Android devices, smart phones and 
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tablets, were used for data collection and real-time inspection of key variables. Details of the 

research results are described in other chapters.  

The surveys were implemented by four field teams, each including three interviewers and 

one field supervisor. The interviewers were high school or college graduates with little 

survey experience, while the supervisors were experienced interviewers. A comprehensive 

20-day training was performed, followed by a two-day field pilot phase, to ensure all 

interviewers were familiar and fully able to implement the study protocol.  

5.4 Approach  

An intensive near-time data quality monitoring protocol was designed and implemented 

during the vaccine coverage surveys. Interviewers and their supervisors were required to 

spend at least one hour every afternoon inspecting all completed questionnaires according to 

the WHO reference manual (81). Interviewers were asked to check all survey responses and 

HBR records for completeness and validity. Due to the time constraint, field supervisors were 

only required to check essential components, including: the completeness of questionnaires, 

cluster and household IDs, child ID, children’s and caregivers’ date of birth, date of 

interview, and dates of vaccinations. Data entry was reviewed and corrected with the EDC 

tool in mobile phones before submission to a secure data servers. Editing of key record 

identifiers, IDs, and the eligibility screening responses was not allowed unless reviewed by a 

survey manager.  
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Additional data quality monitoring was performed by a field data monitor using an ad hoc 

designed data quality inspection facilitation tool. The field data monitor was a college 

graduate, who had basic statistical knowledge and was a proficient computer user. As in most 

national or sub-national vaccine coverage surveys, the field data monitor did not have 

extensive experience with data management and analysis using professional statistical 

software. Therefore, a user-friendly data management tool was needed to enable efficient 

daily inspection of all survey forms. We developed a Stata 13 (College Station, TX: StataCorp 

LLC)-based, near-time data quality inspection facilitation software solution with a Microsoft®  

Excel®  interface to achieve the following functions (Figure 5-1) with a single click: back-up  

raw data, inspect database on prespecified criteria, termed “checkpoints,” generate data 

queries, read data change requests and correct data accordingly, record the changes in logs, 

allowing reversal if needed, produce data progress and quality reports, and display a list of 

households needing follow up visits. The field data monitor followed up on the results from 

the facilitation software by discussing the data queries with the field teams, entering data 

change requests along with comments based on the feedbacks from the field teams, and 

organizing refresher trainings to correct frequent mistakes.  

The “checkpoints” were designed and maintained by survey managers based on an analysis of 

the questionnaire, prior field experience, and feedback from the field teams. Categories and 

examples of the “checkpoints” are shown in Table 5-1. The “checkpoints” were assigned into 
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four priority groups, “urgent”, “high”, “normal”, and “low”, to help the field data monitor 

prioritize corrective actions.  

The data change requests and data queries were recorded, edited, and backed up in 

spreadsheets, which are shown in the Appendix. For each data change request, the field data 

montior specified the household ID, target variable name, as well as the old and new values 

of this variable, and the facilitation software auto-populate the data change outcome as 

“PASS” or “ERROR.”  

A query list was automatically generated and updated every time the facilitation tool was 

operated. The list contained the description of the checkpoints, values of relevant variables, 

potential solutions, and contextual information. The data monitor could sign their names to 

the queries, use the queries to investigate reasons, leave comments, edit the data using the 

data change request, and cancel the invalid or unresolvable queries. The facilitation tool then 

processed the responses and updated the query status from “new” to “pending”, “fail-to-

resolve”, or “resolved” in the next run. 

A Stata package is under development for future EPI vaccine coverage surveys to adapt this 

facilitation tool with minimum effort. By defining variable names and specifying data 

inspection rules (“checkpoints”) in spreadsheets, surveyors can create a customized tool 

without needing strong expertise in programming.  
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Table 5-1 Summary of data quality issues identified by computer-facilitated near-time data inspection 

Categories of data 
quality queries 

Number of 
related 

"checkpoints" 

Number of 
issues 

suspected by 
computer 2 

Number of 
issues resolved 
via corrective 

actions (%) Example "checkpoint" rules 3 Role of the facilitation tool 

Duplicate questionnaire 
data  

5 263 262 (99.6) Identify duplicate household IDs 
These issues are often identifiable by 
field team, but a facilitation tool 
improves the speed and accuracy. 
Most duplicates and missing data at 
the beginning of our study were 
caused by EDC problems. We relied 
on the facilitation tool to identify 
them. 

Missing or incomplete 
questionnaire and 
consent forms 

13 1,231 1,188 (96.5) 
Identify missing questionnaire when 
the screening form indicated 
enrollment occurred 

Invalid values of 
screening variables 

6 346 323 (93.4) 
Identify ineligible date of birth 
values for enrolled children 

These issues are usually identifiable 
by the field team, but a facilitation 
tool improves the speed and 
accuracy. In our study, the facilitation 
tool played less significant role for 
these issues, because they were often 
avoided, identified or corrected by 
interviewers and field supervisors 
before data submission. 

Invalid or conflicting 
values about 
vaccination doses, 
dates, and locations 

20 906 613 (67.7) 
Identify vaccination dates occurring 
prior to the date of birth 

Invalid values of other 
questionnaire 
variables 

6 889 836 (94.0) 
Identify monthly household income 
lower than 1000 Pakistani rupees 

"Other" responses 
without specification 
or frequent "other" 
responses 

5 105 76 (72.4) 

Identify cases where the response 
"other" was selected for father's job 
question, but no specification was 
given  

Conflicts between 
variables in a single 
or multiple 
questionnaire 

34 10,190 10,120 (99.3) 
Identify cases where a follow-up 
survey form was submitted after 
refusal 

Facilitation tool is necessary to 
identify these issues, because manual 
cross-variables inspection is 
inefficient.  

Missing, incomplete, or 
duplicate log records 
1 

16 7,731 6,940 (94.7) 
Identify missing laboratory sample 
processing log for each sample ID 
appeared in the blood collection log  

Log data are rarely used by 
interviewers and field supervisors in 
near-time data inspection, due to the 
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Conflicts between 
questionnaire 
variables and log 
records 

20 6,726 5,989 (89.0) 

Identify cases where interview date 
and cluster ID in questionnaire did 
not match the paper-based 
household visit log 

time constraint. The high efficiency of 
computer facilitated inspection made 
it possible to cross-validate survey 
responses with log records, if the 
paper-based log data were entered in 
time.  Invalid or conflicting 

values in log records 
18 3,397 1,653 (48.7) 

Identify discontinuity of mileage 
and time between field trips in the 
transportation log 

Total computer-
facilitated queries 

143 31,384 28,000 (89.3)     

            

Interviewer errors in 
HBR documentation 

N/A N/A 4 
853 (52.2%) 

among 1,634 
photo’d HBRs 

According to the HBR photo, at 
least one date was not documented 
correctly by the interviewer during 
household visit 

HBR documentation was compared to 
HBR photos by the field data monitor. 
The facilitation tool was used to 
document and validate the changes.  

1. Log records collected in the studies are: household visit log, containing address, phone number, etc.; work house log, containing daily hours on 
various survey activities; transportation log, containing time and mileage for each trip of personnel and blood specimen; blood sample 
collection log and sample processing log, containing information on the time and condition of specimen collection and laboratory processing; 
and a field work calendar, containing the schedule of cluster visits by each team. 

2. A single error in data may trigger multiple queries through different "checkpoint" rules, for example, a recording error of child's date of birth 
may be recognized as invalid screening variable and, at the same time, leads to conflicts with vaccination dates. 

3. A typical example of the prespecified data inspection rules, i.e. "checkpoints", is given for each category. The examples are not selected based 
on the frequency or importance of the issues. 

4. Computer facilitation tool was not used for the inspection of HBR documentation against photos. 
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5.5 Relevant changes 

We visited 21,122 households and enrolled 3,263 children in the 13 surveys. Through the 

computer-facilitated near-time data inspection process, 31,384 data queries were generated 

(Table 5-1), among which 28,000 (89.3%) were resolved through data correction, household 

revisits, missing data recovery, and EDC tool modification. The queries were used in weekly 

refresher trainings to improve fieldwork quality. Since the cross-variable conflicts could not 

be efficiently identified by interviewers, the facilitation tool played a significant role to 

signal 10,190 incidences of conflicts. The tool also facilitated quick detection of data 

duplication and submission failures caused by technical issues in developing the EDC 

application. If the computer-facilitated near-time data inspection process had not been 

practiced, data duplication and submission failures could not have been detected by the field 

data monitor on a daily basis and the risk of losing data would have been higher. 

5.6 Lessons learnt 

As summarized in Box 1, one of the key lessons from this study is that near-time data 

inspection helps identify and correct problems during field survey implementation. These 

problems include:  

a. Data recording and entry errors; for example, an incorrect ID assignment can result in 

ID duplication in the database, and entering a date of vaccination earlier than the date 

of birth may be identified as a conflict between variables.  
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b. Protocol deviations and violations; for example, an interviewer’s error in HBR 

retrieval may be discovered through a comparison of HBR retention rates across 

interviewers. 

c. Suboptimal questionnaire design and administration; for example, unexpectedly 

frequent missing responses, and selection of the “other” option, may suggest 

suboptimal wording or probing of a particular question.  

d. Technical data management issues; for example, duplicated records or incomplete 

data may be caused by database design flaws and EDC software bugs. 

 

Many of the above-mentioned problems cannot be identified solely by interviewers and field 

supervisors through individual questionnaire checking. Computer-facilitated data pattern 

inspection and cross-variable validation can help reveal systematic problems with complex 

causes. Thorough data inspection should not be delayed until completion of a survey, because 

corrective actions are usually possible and easier when problems are detected early and 

Box 1 Summary of main lessons learnt 

 Recording errors, protocol deviations, suboptimal questionnaire design and 

administration, and technical data management issues occur in vaccine coverage 

surveys and many can be identified by near-time data inspection. 

 Computer-facilitated near-time data inspection by field data monitors is a 

necessary addition to daily questionnaire checking by interviewers and field 

supervisors. 

 A data inspection facilitating software with user-friendly interface can improve 

survey quality in low-resource settings through enabling near-time data 

inspection by frontline data monitors with limited statistical training.  

 



170 

 

feedback is promptly provided to the field teams. Interviewers can often correct errors by 

revisiting households or cross-checking data with logs and notes. Once a frequent mistake is 

promptly detected, similar mistakes can be prevented through refresher training and 

instrument modification. A field data monitor, who has daily interaction with the 

interviewers, should ensure prompt feedbacks and corrective actions. However, imposing the 

requirement of statistical programming expertise in field data monitoring teams would 

significantly increase survey costs and is often infeasible in low-income countries. Our 

approach of near-time data inspection, and the development of a Stata-based customizable 

facilitation tool, can be adapted by future surveys to improve the quality of immunization 

coverage monitoring.  
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5.7 Figures for Chapter 5 

Figure 5-1 Functions of a near-time data inspection facilitation tool   
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Chapter 6. Conclusions and directions for future research 

6.1 Summary of results 

In this dissertation, a few methodological innovations and operational approaches were 

attempted to improve the quality of survey-based vaccine coverage estimates and overcome 

the survey information biases by incorporating immune marker assessments with survey 

results.  

In a series of equal-sized concurrent prospective vaccine coverage surveys in Karachi, 

Pakistan from January to December 2016, we compared the coverage estimates and the time 

efficiency across the EPI sampling design, the compact segment sampling method, and the 

GIS and grid-based sampling method. No significant difference of vaccine coverage estimates 

was identified across sampling methods; however, due to stronger clustering effects and the 

use of sampling weights, the compact segment and the GIS and grid-based surveys had 

higher design effects and, therefore, lower statistical precision than the traditional EPI 

surveys. However, the enhanced methodological rigor of the compact segment and the GIS 

and grid-based surveys should not be neglected when choosing sampling methods. The 

probability-based sampling methods are recommended when budget constraint is not the 

primary concern.  

An innovative method was developed to assess information biases in vaccine coverage 

surveys and estimate true vaccine coverage using survey-nested serological immune marker 
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assessments. This latent class model-based estimate of true measles vaccine coverage was 

61.1% (95% CI: 53.5, 69.4) among the survey participants in Korangi, while the traditional 

estimate, defined by positive recall or HBR documentation, was 73.2% (95% CI: 71.3, 75.1). 

Overestimation of the traditional estimate was caused by the low sensitivity and specificity 

of caregivers’ recall of vaccination history, as well as the low sensitivity of HBRs in 

documenting vaccine receipts. This triangulation and adjustment method can be applied 

using not only immune marker assessment data but also facility-based health records and 

other data sources that provide imperfect evidence on individual survey participants’ 

vaccination status.  

A computer-facilitated, near-time data quality inspection process was designed, developed, 

and piloted in our surveys in Korangi. Through this process, 31,384 data queries were 

generated, among which exactly 28,000 (89.3%) were resolved. The facilitation tool played 

an essential role in the cross-variable identification of data conflicts and prompt recognition 

of data duplication and submission failures and therefore triggered corrective actions to 

improve the quality of survey data. The ad hoc computer-facilitated near-time data 

inspection tool was further developed to create a Stata package that can facilitate 

customizable near-time data inspection in future surveys to improve the quality of 

immunization coverage monitoring in developing countries. 
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6.2 Recommendations for future research 

The 2015 revision of WHO EPI survey guideline (discussed in Chapter 3) and the subsequent 

worldwide adoption has created substantial opportunities for operational research on vaccine 

coverage monitoring methods, particularly the challenges of vaccine coverage surveys. In 

April 2017, WHO hosted a meeting of developing country ministry of health representatives, 

survey implementation experts, academic researchers, and WHO regional and country 

program officers to discuss the lessons learned from the rollout of the 2015 reference manual 

and to set an operational research agenda around vaccination coverage surveys. A list of 

operational research topics was discussed in the meeting and summarized by WHO 

Department on Immunization, Vaccines and Biologicals. The list is quoted in Table 6-1.  

Table 6-1: Post 2015 EPI survey operational research topics proposed by WHO Department of 
Immunization, Vaccines and Biologicals 

Sampling: 

 The use of gridded data and other computer-assisted approaches for sampling 

 Studies to quantify who is missing from sampling frames and ensure that they are 
included 

Survey instruments: 

 Studying the extent and impact of recall response bias, especially in lower middle 
income countries 

 How to formulate questions about vaccine coverage, particularly in the case of recall, 
including the use of visual cues? 

 Developing and testing a standard set of Knowledge, Attitudes and Practices (KAP) 
questions for vaccine coverage surveys 

Data collection: 

 Testing the accuracy of data entry using different electronic collection formats and 
platforms; develop evidence-based recommendations for interfaces and for data entry 
protocol 

 Can publicizing a survey ahead of time increase the number of cards available? 

 Improve recommendations on how to take photos during data collection, and how to 
better use them 
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Analysis/use: 

 Developing and applying small-area estimation methods 

 Statistical adjustment of survey-based vaccination coverage estimates, particularly for 
recall 

 Testing interventions to promote use of data for evidence-driven decision making 
Overall: 

 Describing and explaining differences in the DHS, MICS and EPI methodologies and 
results 

 Compiling an exhaustive list of potential sources of bias in vaccination coverage 
surveys 

 Defining the optimal use of additional analysis and how to best standardize them 

 

Most research questions in the WHO list do not require significant investment or extended 

period to investigate if the operational research activities are incorporated in existing 

national or subnational surveys. However, it is unclear whether developing countries 

surveyors are motivated of to host these research in often political-oriented vaccine coverage 

surveys. In some topics, progress is already being made:  

 Dr. Dale Rhoda presented an unpublished work in the above mentioned WHO 

meeting that different electronic data entry interface designs in various mobile 

devices could result in substantially different error rates when recording calendar 

date values from HBRs. In his study, the interviewers made 3-12 % mistakes when 

using different electronic data entry interface, which was significantly worse than the 

standard level of 1% when paper survey forms are used.  

-- Further research on this topic should help future surveys avoid pitfalls in electronic 

data entry interface design and improve the accuracy of recording.  
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 Researchers from the WorldPop, Department of Geography and Environment, 

University of Southampton have made considerable progress in a novel sampling 

method, in which public available gridded global population data are used to replace 

updated or unreliable census data in the first stage of cluster sampling. An R package 

is being developed by Dana Thomson to facilitate the implementation of this method 

(113).   

-- Further research on this topic should provide an alternative solution for cluster 

sampling with census data are unavailable, outdated, or unreliable.  

 This dissertation has presented an example of statistical adjustment of survey-based 

vaccination coverage estimates to overcome recall biases using immune marker 

assessments. I have made plans to further investigate this method using our tetanus 

toxoid IgG results from Pakistan; particularly, I am interested in modeling the 

relationship between the number of vaccine doses using the antibody titer and the 

survey results.  

-- Further research on this topic should provide a systematic statistical solution to 

overcome information biases in survey-based vaccine coverage estimates by 

incorporating non-survey data sources, including immune marker assessments.  

Besides the research topics suggested by WHO, I found the following topics to be interesting: 
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 In the above-mentioned meeting discussing the adoption of new WHO EPI survey 

guideline, many developing countries surveyors expressed their confusion and 

concern over the potential increase in costs by shifting from non-probability sampling 

to probability sampling for vaccine coverage surveys. As shown in this dissertation 

(Chapter 3), even though we avoided simple random sampling within select clusters, a 

probability-based sample still required significantly more implementation time than 

the traditional non-probability EPI sample. However, it is unclear, from our study, 

how the increase in implementation time is different in rural areas or other low and 

middle income settings. It is also unclear how much financial difference may be 

caused by the observed difference in implementation time and personnel training 

requirements. 

-- Further research on this topic should provide a practical framework for future 

surveyors in developing countries to predict survey costs with the revised EPI 

guideline. 

 One quarter of countries with recent MICS or DHS surveys had less than 50% HBR 

retention (23 of 97 surveys), indicating that parental recall is a major data source for 

vaccination coverage estimation. Because HBRs are less commonly available among 

less educated, migrant or slum populations, the quality of immunization history data 

may be poorest among populations that are least likely to be vaccinated. Dr. Kyla 

Hayford and I are attempting to find the characteristics at the individual and 
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community levels that can predict the direction and extent the recall biases, and 

therefore can be used to adjust survey results for the potential recall biases. We plan 

to use data collected from our previous vaccine coverage surveys in Bangladesh, 

Kenya, and Pakistan for secondary analyses, where we recorded both HBRs and 

caregivers’ recalls from individual survey participants.  

-- Further research on this topic should provide a systematic understanding of the 

factors associated with survey recall biases; therefore, provide an empirical basis for 

recall bias adjustments. 

 The availability and quality of vaccine storage and supply data at facility and district 

level has been improved substantially worldwide due to investments in vaccine 

logistics management information systems (LMIS). The question is how the storage 

and supply data can be used to triangulate or validate survey-based vaccine coverage 

estimates. I plan to study this topic using data from Korangi in a statistical likelihood 

framework approach.  

-- Further research on this topic should provide an option to triangulate and validate 

the accuracy of survey-based vaccine coverage estimates using vaccine storage and 

supply data from the same area. 

 As discussed in Chapter 1, FIC indicators are potentially useful as a single integrated 

presentation of immunization program performance. However, the lack of individual 
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level data makes FIC estimation a methodological challenge, since FIC cannot be 

estimated from data aggregated for single vaccine doses. Unpublished work by Dr. 

George Pariyo and me (Figure 1-7) has suggested the possibility of predicting FIC 

from single vaccine coverage estimates based on models developed from individual 

survey data, such as DHS and MICS.  

-- Further research on this topic should provide a method to predict FIC from survey-

based or registry-based single vaccine coverage estimates; thus, create a simple 

indicator of immunization program performance for cross-country or time series 

comparison.  

 WHO has developed the Vaccine Coverage Quality Indicator (VCQI) software to 

support data analysis and generation of standard output tables and figures from future 

EPI surveys. To maximize the impact of this initiative, Dr. Kyla Hayford and I believe 

a standard set of data visualization tools (figures, maps, graphics) need to be developed 

to communicate key findings, trends, and patterns emerging from the immunization 

surveys. Outputs need to be standardized and produced easily by EPI managers, 

survey contractors, and other immunization stakeholders. We plan to illustrate a 

standard graphics repository in two formats: printable information sheets and an 

online interactive dashboard. The information sheets allow graphics dissemination to 

a broad audience, while the online interactive dashboard would allow EPI managers 

and policy makers stratify data and custom graphics to their own needs using laptops 
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and mobile phones. Modern statistical visualization tools will be employed, such as 

Tableau and R Shiny packages. 

-- Further research on this topic should create a set of standard visualization of 

vaccine coverage survey outputs that increase the interpretability and accessibility of 

survey results to a larger group of audience, including EPI managers, clinicians, policy 

makers, and journalists. 

 Small-area estimation refers to the statistical techniques of estimating indicators at a 

lower geographic level (or level of detail) than the level at, which the survey has 

sufficient power to estimate with sufficient precision. For vaccine coverage surveys, 

surveys with precision of estimating provincial level coverage may be used to 

estimating coverage at district level if population characteristics associated with 

vaccine coverage can be identified. Small-area estimation is a relatively mature 

technology that has been used in various public health topics for policy making, while 

the adoption in the vaccine coverage area has been slow. Prove of concept research 

should be conducted to accelerate the progress. 

-- Further research on this topic should introduce small-area estimation techniques 

for provincial level vaccine coverage surveys to be used in district level monitoring, 

thus provide valuable information for detailed program planning. 
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 Finally, it is interesting to study if the experiences by vaccine coverage surveyors on 

data quality assurance, recall bias adjustment, and other methodological and 

operational issues are applicable to surveys for a variety of other purposes.  

-- Further research on this topic should improve the quality of surveys for a variety of 

other purposes based on the experience learned from the immunization coverage 

monitoring arena. 

6.3 Policy recommendations 

A systematic solution for standardized high quality vaccine coverage surveys is under 

development promptly following the 2015 revision of the WHO EPI guideline. Included in 

the solution is a package of tools to standardize vaccine coverage survey and to increase 

implementation feasibility by saving from ad hoc tool developments. For example, the Open 

Data Kit (ODK) is a free and open-source set of tools which help surveyors create, 

implement, and manage electronic data collection on mobile devices without expertise in 

software development. WHO has developed the Vaccine Coverage Quality Indicator (VCQI) 

software to support data analysis and generation of standard output tables and figures 

without requiring strong expertise in statistical programming. The near-time data inspection 

facilitator described in Chapter 5 of this dissertation allow surveyors to implement prompt 

near-time data inspection in the field without ad hoc tool developments. Future surveyors 
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should take advantage of these adaptive instruments to improve survey data quality and save 

resources.  

Information biases in survey-based vaccine coverage estimates impose substantial threats to 

the validity of vaccination monitoring. As shown in Chapter 4 of this dissertation, estimation 

biases should not be neglected due to the poor sensitivity and specificity of caregivers’ recall 

of vaccination history and the insufficient sensitivity of HBR records. Surveyors and the 

users of vaccine coverage estimates should not only acknowledge the existence information 

biases when estimates are presented and used, but also seek analytical solutions to quantify 

and adjust for the biases.  

A centralized vaccine coverage survey results dissemination channel is essential to ensure the 

accessibility, standardization, and usefulness of survey results. Due to various political issues 

and implementation barriers, detailed national and subnational EPI survey results are often 

inaccessible to researchers and policy makers. Users often do not know the exact techniques 

used in the calculation, for example, if Wilson confidence interval is used and how the 

results are weighted; as well as the definition of those indicators, for instance, whether SIA 

doses are excluded and how HBR records are integrated with the verbal recalls. In addition, 

users often have access to a limited number of indicators, such as Penta3 and MCV1 

coverage, but not the complete set of results and quality indicators a survey may produce, 

including the design effects, proportion of HBR retentions, and disparities in coverage 

associated with rural/urban residence and mother’s education levels. WHO with its partners 
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may generate and promote a centralized dissemination channel, such as an online database, 

for surveyors to disseminate survey results following well-defined rules and facilitate the 

surveys to produce standardized tables and figures for dissemination. 

 



 

Appendices 

Appendix A Data collection instruments 

Form 1: Household Visit Record 

1.  Visit # Date FW ID Code Response Planned Return Date 

I 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

0. Confirmed NO eligible child >> 

END 
1. Interview complete >> 2 

2. Primary caregiver not at 

home/absent>> 3 

3. Postponed with specific return 

date>> 3 

4. Postponed without return date 

>> 3 

5. Migrated out >>END 

6. Refused to participate – Form 2 

NOT done >> 3 

7. Refused to participate – Form 2 

complete >>4 

8. Consented & interview partly 

completed – will complete 

later>>END 

9. Consented & interview partly 

completed – will not complete 

any more>>4 

10. Confirmed previously visited 

household with NO child 

enrolled>>END 

11. Confirmed previously visited 

household with child 

enrolled>>1a 

12. Skipped household because 

unsafe to visit (specify) 

13. Other (specify) 

 

 

 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

II 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

III 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

IV 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

 

 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

V 

 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

 

 

 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

  

 Question Code Response 

1a 
Child ID from previous visit 

Child ID  

(99999 if don’t know) >> End 
__ __ __ __ __ 

2. 2 
If interview complete,  run the 

randomization for biomarker assessment 
1. Positive >> End 

2. Negative >> End 

 

3.  

How many children 2 years or younger 

live in this house?  

Number of children                                

 

__ __ 

4. 3 Primary reason of refusal 1. Do not have time 

2. Not comfortable with interview 

>> End 

3. Not interested in topic >> End 

4. Not comfortable with vaccine 

topic >> End 

5. Do not have reason >> End 

6. Other (specify) >> End 
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5. 4 
Do you allow us to visit your house again 

regarding this research? 

1. Yes 

2. No 

3. Don’t know 

 

 

FW Comments: 

 

 

 

Form 2: Household Survey Eligibility Screening 

 Question Code Response 

1.  Confirm household ID before survey  __ __ __ – __ __ __ – __ __ __ 

2.  Interview date  
 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

3.  Interview time  
 

__ __:__ __ am/pm (circle) 

 

Approach the household and family with respect:  

 

“Hello. My name is _________, and I am working with health researchers from IRD on a study about childhood 

vaccinations. This study involves only young children. We are visiting some households in this neighborhood to 

identify children who can join the study. We will explain more about the study but first we want to ask you a few 

questions about people living in this household. Is that alright?” 

 

“Does any child live here?”  “How many children live here?” “If yes, please recall their date of birth.” 

 

If necessary, write down the date of birth of ALL children living in this household, but do not take the piece of paper 

outside the house; if family cannot recall the exact birthdate, you can use month of birth or age for screening, but ask 

the date of birth again when child is selected. Find the number of children between 12 months and 23 months 30 days 

of age; select the youngest child in this age range for all the following questions. 

4.  

 

Number of children between 12 and 23 months of 

age in your household   

 

Use the above instruction and do not directly ask 

this question. 

If the answer is 0, enter 

“00” and stop the 

interview. 

Number of children  

 

 

___ ___ 
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“May I talk to the mother (or primary caregiver) for the following questions?” 

  

If mother is not present, confirm whether the primary caregiver is the mother. Define primary caregiver as the 

caregiver whom the child spends the most time with and who take care when the child is sick. If primary caregiver is 

not the mother, ask to talk with the primary caregiver. 

5.  

Is the mother/primary caregiver present? 

 

Do NOT read the question; use the instruction 

1. Yes 

2. No >> stop interview 

and reschedule 

 

 

 

6.  
Planned date for visit, if rescheduled.  

 

 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

“We will ask all the following questions today only for the child who is ___ months old. Please confirm his/her name 

and date of birth.” 

 

Remember this child’s name but do not write it down; refer to this child using name in the following survey. 

7.  

 

 

What is child’s date of birth? 

 

 

If DoB unknown, what is the age of child? 

 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

or 

 

__  year & __ __ months 

8.  In what month and year were you born? 

 

Month (99 if don’t know) 

 

Year (9999 I don’t know) 

 

Month   __ __ 

 

Year     __ __ __ __ 

 

9.  

What is your age? 

 

Confirm it is years in completed years at the last 

birthday. 

 

 

 

Age in completed years 

 
 

__ __ 

 
Compare Q8 and Q9; and correct Q8 if inconsistent.  

If respondent’s age <18 years old, enter the answer and stop the interview. 
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10.  
Relationship of primary caregiver to eligible 

child 

1. Mother 

2. Father 

3. Grandmother / 

grandfather 

4. Other (specify) 

 

 Congratulate on being eligible for study and proceed with informed consent.  

If parent/guardian gives consent for child to participate in the study, continue to the next form. If not, stop interview 

here and thank family for their time. 

 

Form 3: Household Survey 

A0.  

Child’s ID 

(confirm/copy ID assigned by system to 

only enrolled children) 

 
 

__ __ __ __ __ 

 
A. BACKGROUND CHARACTERISTICS (PART ONE) 

A1.  

 

How many children under 5 years old 

are in this household? 

 

Please specify their gender and age. 

Number 

 

__ __ 

 

Gender   Ages (in year and 

month) 

 

1. M / F       __  year & __ __ months 

2. M / F       __  year & __ __ months 

3. M / F       __  year & __ __ months 

4. M / F       __  year & __ __ months 

5. M / F       __  year & __ __ months 

 
B. MATERNAL HISTORY 

B1.  Are you the child’s mother? 1. Yes >> B3 

2. No 
 

B2.  Is the mother alive? 

 

Do NOT ask the question. Record the 

answer if it is given when asking B1. 

1. Yes >> B7 

2. No >> B7 

3. Don’t know >> B7 

 

B3.  During your pregnancy with child’s 

name, were you given an injection in 

the arm to prevent the baby from 

getting tetanus? 

1. Yes 

2. No >> B5 

3. Don’t know >> B5 
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B4.  
During pregnancy with child’s name, 

how many times did you get this 

tetanus injection? 

Number of injections  

(99 if don’t know) 

 

 

 ___ ___ 

 

B5.  At any time before pregnancy with 

child’s name, did you receive any 

tetanus injections, either to protect 

yourself or your baby? 

1. Yes 

2. No >> B7 

3. Don’t know >> B7 

 

B6.  In what month and year did you receive 

the last tetanus injection before the 

pregnancy with child’s name? 

 

Month (99 if don’t know) 

 

Year (9999 I don’t know) 

 

Month   __ __ 

 

Year     __ __ __ __ 

B7.  Where was child’s name delivered? 1. At home 

2. At a hospital 

3. Other (specify) 

4. Don’t know 

 

B8.  Did the mother breastfed child’s name 

? 1. Yes  

2. No >> C1 

3. Don’t know >> C1 

 

B9.  If yes, for how many months? 
Number of months 

 

___ ___ months 

 
C. CHILD’S VACCINATION HISTORY BY RECALL 

 If respondent wants to use their vaccination card, take their card and put it aside. Tell them we will use it later, but 

ask them to first answer these questions as well as they can without the card. Do not permit them to look at the card. 

C1.  Do you believe child's name has 

received all vaccines she/he 

should receive at her/his age? 

1. Yes >> C3 

2. No >> C2 

3. Don’t know >> C2 

 

C2.  Do you know which vaccines has 

child's name missed? 

 

Multiple entries allowed.   

1. BCG 

2. Pentavalent 

3. OPV 

4. IPV 

5. PCV 

6. Measles 

7. Have received NO vaccine 

8. Don’t know 

 

C3.  [Only routine]  
Did child’s name receive a BCG 

vaccination to prevent tuberculosis 

or TB?  It is an injection in the arm or 

shoulder that usually causes a scar. 

1. Yes 

2. No >> C5 

3. Don’t know >> C5 

 

C4.  

[Only routine]  
When was the vaccine given? Give 

your best estimate. 

Date 

(99 if don’t know day) 

(99 if don’t know month) 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 
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C5.  [Only routine]  
Did child’s name receive a pentavalent 

vaccination, or so called penta 

vaccine?  It is an injection given in the 

thigh, and often given at the same time 

as polio drops. 

1. Yes  

2. No >> C10 

3. Don’t know >> C10 

 

C6.  [Only routine]  
How many times was the pentavalent 

vaccination received? 

Number of doses  

(99 if don’t know) 
___ ___ 

C7.  [Only routine]  
Where and when did you take your child to get the 1st (2nd, 3rd, …) dose of pentavalent vaccine?   

Dose # Clinic Codes Response 

Penta 1 

01 Clinic 

02 Clinic 

03 Clinic  

. 

. 

. 

(Use the clinic list)  

 

98 Other (specify) 

99 Don’t know 

 

(99 for day if don’t know) 

(99 for month if don’t know) 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
          d  d      m  m    y  y 

 

Specify Other Clinic: _________ 

 

Penta 2 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
    d  d      m  m    y  y 

 

Specify Other Clinic: _________ 

 

Penta 3 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
 d  d      m  m      y  y 

 

 

Specify Other Clinic: _________ 

 

C8.  

 
[Only routine]  
Did child’s name receive any other 

vaccine injections on the same day 

when a pentavalent vaccination was 

received?  This does NOT include the 

polio drops in mouth. 

1. Yes 

2. No >> C10 

3. Don’t know >> C10 

 

C9.  

 
[Only routine]  
How many other vaccine injections were received, on the day when this 1st (2nd, 3rd, …) dose was received? 
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 With Penta 1 
99, if don’t know number of 

injections  

 

# of other injections __ __ 

 

Name of vaccine:  

 

__________________ 

With Penta 2 
99, if don’t know number of 

injections 

 

# of other injections __ __ 

 

Name of vaccine:  

 

__________________ 

With Penta 3 
99, if don’t know number of 

injections 

 

# of other injections __ __ 

 

Name of vaccine:  

 

__________________ 

C10.  [Both campaign & routine]  
Did child’s name  receive the oral polio 

vaccine, which is given as drops in the 

mouth? The child may have received it 

at clinic, at house, from an 

immunization campaign, or on an 

immunization day. 

1. Yes 

2. No >> C18 

3. Don’t know >> C18 

 

C11.  [Only campaign]  
Did child’s name  receive oral polio 

vaccines in special vaccine campaigns 

or immunization days?   

1. Yes 

2. No >> C14 

3. Don’t know >> C14 

 

C12.  [Only campaign]  

How many times did  child’s 

name  receive oral polio vaccine 

from such polio campaigns? 

Number of doses 

(99 if don’t know) 

 

 

__ __ 

C13.  [Only campaign]  
When was the 1st (2nd, 3rd, …) dose received? Give your best estimate. 

[repeat questions until all doses are asked] 

Oral Polio dose # Code Date 

Campaign OPV Dose 1 

(99 if don’t know date) 

(99 if don’t know month) 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign OPV Dose 2 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign OPV Dose 3 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 
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Campaign OPV Dose 4 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign OPV Dose 5 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

C14.  [Only routine]  
Other than the polio vaccines from 

campaigns, did     child’s name  receive 

oral polio vaccine during visit to clinics 

or hospitals?  

1. Yes 

2. No >> C18 

3. Don’t know >> C18 

 

C15.  [Only routine]  

How many times did  child’s 

name  receive such oral polio 

vaccine? 

Number of times 

(99 if don’t know) 

 

 

__ __ 

C16.  [Only routine]  
When was the 1st (2nd, 3rd, …) dose received? Give your best estimate. 

[repeat questions until all doses are asked] 

[if response is same as C13, probe respondent to exclude campaigns] 

Oral Polio dose # Code Date 

Routine OPV Dose 1 

(99 if don’t know date) 

(99 if don’t know month) 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Routine OPV Dose 2 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Routine OPV Dose 3 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Routine OPV Dose 4 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Routine OPV Dose 5 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

C17.  [Both campaign & routine]  

Did child’s name  receive the 

first oral polio vaccine in the 

first two weeks after birth? 

1. First two weeks 

2. Later 

3. Don’t know 

 



192 

 

C18.  [Only routine]  

Korangi town is introducing a 

new polio vaccine, called 

inactivated polio vaccine, which 

is not given as drops in the 

mouth, instead with injections. 

Did your child receive the 

inactivated polio vaccine? 

1. Yes 

2. No >> C20 

3. Don’t know >> C20 

 

C19.  [Both campaign & routine]  

How many times did     child’s 

name  receive inactivated polio 

vaccine?   

Number of times 

(99 if don’t know) 

 

 

 

__ __ 

C20.  [Both campaign & routine]  

Did your child receive measles 

vaccination?  It is injection given 

in the upper arm when the child 

is the age of 9 months or older? 

1. Yes 

2. No >> C26 

3. Don’t know >> C26 

 

C21.  [Only campaign]  

Did child’s name receive 

measles vaccines in special vaccine 

campaigns or immunization days?  

They may give vaccines to ALL 

children 9 months or older.  

1. Yes 

2. No >> C23 

3. Don’t know >> C23 

 

 

C22a. [Only campaign]  

How many times did  child’s 

name  receive such campaign 

measles vaccines? 

Number of times 

(99 if don’t know) 

 

 

__ __ 

  C22b. [Only campaign]  
When was the 1st (2nd, 3rd, …) dose received? Give your best estimate. 

Measles dose # Code Date 

Campaign measles Dose 1 

(99 if don’t know date) 

(99 if don’t know month) 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign measles Dose 2 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign measles Dose 3 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Campaign measles Dose 4 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 
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Campaign measles Dose 5 __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

C23.  [Only routine]  

Other than the measles vaccines 

from campaigns, did     child’s 

name  receive measles vaccine 

injections during visit to clinics 

or hospitals?  

1. Yes 

2. No >> C26 

3. Don’t know >> C26 

 

C24.  [Only routine]  

Child’s name may receive 

measles vaccine for more than 

one time. The second injection is 

often given to children age 14 

month or older. How many times 

did  child’s name  receive 

measles vaccine during visit to 

clinics or hospitals?  

Number of times 

(99 if don’t know) 

 

___ ___ 

C25.  [Only routine]  

Where did you take your child to get the 1st (2nd, 3rd) dose of such measles vaccine?  This does 

not include measles campaigns. 

[repeat questions until all doses are asked] 

Dose # Clinic Codes Response 

Routine measles Dose 1 01 Clinic 

02 Clinic 

03 Clinic  

. 

. 

. 

(Use the clinic list)  

 

98 Other (specify) 

99 Don’t know 

 

(99 for day if don’t know) 

(99 for month if don’t know) 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
          d    d      m    m      y    y 

 

Specify Other Clinic: _________ 

Routine measles Dose 2 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
           d    d      m   m    y    y 

 

Specify Other Clinic: _________ 

Routine measles Dose 3 

 

Clinic code: __ __ 

 

Date: __ __ / __ __ / __ __ 
        d    d      m   m    y    y 

 

Specify Other Clinic: _________ 

C26.  Did child's name  ever have measles?  

 

1. Yes 

2. No >> C29 

3. Don’t know >> C29 
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C27.  
When did the child have measles?  

 

Probe for best estimate 

  

(99 if don’t know month) 

 

(9999 if don’t know year) 

 

Month   __ __ 

 

Year     __ __ __ __ 

C28.  

Who diagnosed the child with measles 

by doctor, nurse or at a health clinic?     

1. Doctor 

2. Nurse  

3. LHW (lady health worker) 

4. LHV (lady health visitor) 

5. Others (specify) 

 

C29.  Has   child’s name    received any other 

vaccinations that we haven't talked 

about yet?  

1. Yes 

2. No >> D1 

3. Don’t know >> D1 

 

C30.  

If yes, which vaccine? Names of Vaccines 

 

(i) ______________________ 

 

(ii) ______________________ 

 

(iii) 

______________________ 

 

 
D. CHILD’S VACCINATION HISTORY BY VERFICATION 

D1.  Do you have a vaccination card where 

child's name vaccinations are written 

down? May I see it please? 

          

Confirm the name of the child written 

on the card. 

1. Yes, shows card 

2. Yes, but card is lost >> D4 

3. Yes, but cannot find card 

now >> D4 

4. Never had a card >> D4 

 

D2.  
Copy evidence and date of all vaccinations listed on the card. 

Take a photo of the vaccination card. 

Code Vaccine 

Received?  

1. Yes 

2. No 

Date Received 

a. BCG  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

b. Polio-birth  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

c. OPV1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

d. OPV2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

e. OPV3  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

f. Penta 1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 
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g. Penta 2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

h. Penta 3  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

i. PCV1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

j. PCV2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

k. PCV3  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

l. Measles 1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

m. Measles 2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

n. IPV 1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

o. IPV 2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

p. IPV 3  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

q. Maternal TT 1  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

r. Maternal TT 2  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

s. Maternal TT 3  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

t. Maternal TT 4  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

u. Maternal TT 5  __ __ / __ __ / __ __ 
 d    d      m    m      y    y 

D3.  Confirm that you have taken a 

photograph of the immunization card. 
1. Yes 

2. No 

 

D4.  BCG vaccination usually leaves a scar 

on the upper arm where the vaccination 

was given. May I look for the scar on 

the arm of   child's name  ? 

1. Saw BCG scar 

2. Looked but did not see BCG 

scar 

3. Did not look for scar 

 

 
E. BACKGROUND CHARACTERISTICS (PART 2) 

E1.  

What is the ethnicity of the head of the 

household? 

1. Balochi 

2. Kutchi 

3. Punjabi 

4. Mohajir 

5. Sindhi 

6. Seraiki 

7. Pukhtoon 

8. Other (specify) 

9. Unwilling to response 
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E2.  Did you live in Korangi town when 

child's name  was born? 
1. Yes >> E5 

2. No 

 

E3.  
When did you move to Korangi town?  

 

Probe for best possible estimate. 

(99 if don’t know month) 

 

(9999 if don’t know year) 

 

Month   __ __ 

 

Year     __ __ __ __ 

E4.  
Just before you moved here, did you 

live in a city, in a town, or in a rural 

area? 

1. City 

2. Town 

3. Rural Area 

 

E5.  
How many years did the child’s father 

go to school? 

Number of years  

(99 if don’t know) 
__ __ 

E6.  
How many years did the child’s mother 

go to school? 

Number of years 

(99 if don’t know) 
__ __ 

E7.  What is child’s father’s occupation and 

designation? 
Primary occupation 

 

__________________________ 

E8.  What is child’s mother’s occupation 

and designation? 

 

Primary occupation 
 

__________________________ 

E9.  
Does the child’s mother own a mobile 

phone? 

1. Yes 

2. No 

3. Don’t know 

 

E10.  
How many people, including the child, 

live at this household? 

Number of people 

(99 if don’t know) 
__ __ 

 
F. MEASURES OF CHILD HEALTH SERVICE UTILIZATION 

F1.  

Is  child's name enrolled in the Zindagi 

Mehfooz vaccination program? 

1. Yes 

2. No >> F3 

3. Don’t know >> F3 

 

 
INSTRUCTION. If respondent is not sure about ZM program, probe with ZM introduction materials and check for 

ZM Quick Response (QR) code card attached on vaccination card. Scan Radio-frequency identification or QR code 

card with phone. 

F2.  If YES, but ZM identification 

documents are not available, write 

down the phone number registered 

with the ZM program 

Phone number 03 __ __ __ __ __ __ __ __ __ 
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F3.  

 

Is  child's name enrolled in any 

other programs that help him/her 

receive vaccines? 

1. Yes (specify) 

2. No 

3. Don’t know 

 

 

______________________________ 

 

_____________________________ 

  

 

F4.  

Who usually takes child’s name to 

an EPI center for immunization? 

1. Mother 

2. Father 

3. Uncle/aunt 

4. Grandparent 

5. Other (specify) 

 

F5.  

What type of conveyance do you 

use to travel to the EPI center? 

1. On foot 

2. Auto rickshaw 

3. Others (bus, car/taxi, motorbike, 

horse cart, bicycle) (specify) 

 

F6.  
How long does it take to reach the 

EPI center from home?  
In minutes ___ ___ 

 “We are now going to ask questions about the place you take your child(ren) to when he/she/they are sick enough to 

go to clinics. I am NOT talking about the places only for vaccination and I am NOT talking about overnight hospital 

stays. I am NOT referring to only child's name. I ask this question for all the children you take care of.” 

F7.  
Have you taken a child to seek care 

in a clinic? 
1. Yes  

2. No >> F9 

 

F8.  

Where did you take him/her/them 

to? Please tell me the names of all 

the places. 

 

Do not read the list of clinics 

01 Clinic 

02 Clinic 

03 Clinic  

. 

. 

. 

(Use the clinic list)  

 

98 Other (specify) 

99 Don’t know 

 

 

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Specify Other Clinic: _________ 

 

Specify Other Clinic: _________ 
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F9.  

If your child is sick enough to go to 

a clinic, where would you take 

him/her/them to? Please tell me the 

names of all the possible places. 

 

Do not read the list of clinics 

>>F10   

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Clinic code: __ __ 

 

Specify Other Clinic: _________ 

 

Specify Other Clinic: _________ 

 

F10.  
What transport did/would you use 

to reach this clinic? 

 

1. Bus (Combi) 

2. Taxi 

3. On foot   

4. Personal vehicle 

5. Other (specify) 

 

F11.  How long (time) did/would it take 

you to reach here? 

 

If multiple clinics are mentioned, 

record time to reach the nearest 

one. 

In minutes 

 

 

 

 
___ ___ minutes 

 
G. WEALTH INDEX 

 

 “ We are now going to ask questions about this household, which may have indirect link to the child’s vaccination 

history.” 

G1.  

How many rooms in this household 

are used for sleeping? 
Number 

 

 

 

___ ___ rooms  

 

G1a 
Does your family fully own, 

mortgage, or rent this house?  

1. Fully own 

2. Mortgage 

3. Rent 

4. Don’t know 
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G2.  

 

 

What is the main source of 

drinking water for members of your 

household? 

 

Prompt answer by reading the 

categories then items. Use 

observation to validate the answer. 

[Piped water:] 

1. Piped into dwelling 

2. Piped into yard/plot 

3. Public tap/standpipe 

4. Tube well or borehole 

[Dug well:] 

5. Protected well 

6. Unprotected well 

[Water from spring:] 

7. Protected spring 

8. Unprotected spring 

9. Rainwater 

10. Tanker Truck 

11. Cart with small tank 

12. Surface water 

(river/dam/lake/pond/stream/canal/

irrigation channel) 

13. Bottled water 

 

G3.  

What kind of toilet facility do 

members of your household usually 

use? 

 

Prompt answer by reading the 

categories then items. Use 

observation to validate the answer. 

[Flush or Pour Flush Toilet:] 

1. Flush to Piped Sewer System 

2. Flush to Septic Tank 

3. Flush to Pit Latrine 

4. Flush to Somewhere Else 

5. Flush, Don't Know Where 

[Pit Latrine:] 

6. Ventilated Improved Pit 

Latrine 

7. Pit Latrine with Slab 

8. Pit Latrine w/o Slab/Open 

Pit 

9. Bucket Toilet 

10. Hanging Toilet/Hanging Latrine 

11. No Facility/Bush/Field 

12. Other (specify) 

 

G4.  Do you share this toilet facility 

with other households? 
1. Yes 

2. No 

 

G5.  Does your household have:  

 

Prompt answer by reading the categories then items. Use observation to validate the answer. 

 
Code Item/facility/service 

Present in household 

1. Yes 

2. No 

a.  Electricity  

b.  Radio  

c.  Television  

d.  Landline telephone  
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e.  Refrigerator  

f.  Almirah/Cabinet  

g.  Chair  

h.  Room cooler  

i.  Airconditioner  

j.  Washing machine  

k.  Water pump  

l.  Bed  

m.  Clock  

n.  Sofa  

o.  Camera  

p.  Sewing Machine  

q.  Computer  

r.  Internet Connection  

G6.  

What type of fuel does your 

household mainly use for cooking? 

 

Prompt answer by reading the list. 

Use observation to validate. 

1. Electricity 

2. LPG gas 

3. Natural Gas 

4. Biogas 

5. Kerosene 

6. Coal, Lignite 

7. Charcoal 

8. Wood 

9. Straw/Shrubs/Grass 

10. Animal Dung 

11. No Food Cooked 

12. Other (specify) 

 

   G6a Do you have a separate room 

which is used as a kitchen? 

 

Use observation to validate 

1. Yes 

2. No 
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G7.  

Main material of the floor.  

 

Record observation without 

asking. 

[Natural Floor:] 

1. Earth/Sand 

2. Dung 

[Rudimentary Floor:] 

3. Wood Planks 

4. Palm/Bamboo 

[Finished Floor:] 

5. Parquet Or Polished Wood 

6. Vinyl Or Asphalt Strips 

7. Ceramic Tiles 

8. Cement 

9. Carpet 

10. Chips/Terrazzo 

11. Bricks 

12. Mats 

13. Marble 

14. Other (specify) 

 

G8.  

Main material of the roof.  

 

Record observation without asking 

 

[Natural Roofing:] 

1. No Roof 

2. Thatch/Palm Leaf 

3. Sod/Grass 

[Rudimentary Roofing:] 

4. Rustic Mat 

5. Palm/Bamboo 

6. Wood Planks 

7. Cardboard 

[Finished Roofing:] 

8. Metal 

9. Wood 

10. Calamine/Cement Fiber 

11. Ceramic tiles 

12. Cement 

13. Roofing Shingles 

14. Other (specify) 
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G9.  

Main material of the exterior walls 

 

 

Record observation without asking. 

[Natural Walls:] 

1. No Walls 

2. Cane/Palm/Trunks 

3. Dirt 

[Rudimentary Walls:] 

4. Bamboo with Mud 

5. Stone with Mud 

6. Uncovered Adobe 

7. Plywood 

8. Cardboard 

9. Reused Wood 

[Finished Walls:] 

10. Tent 

11. Cement 

12. Stone with Lime/Cement 

13. Bricks 

14. Cement Blocks 

15. Covered Adobe 

16. Wood Planks/Shingles 

17. Other (specify) 

 

G10.  Does any member of the household own: 

Code Item 

Owned by household member  

1. Yes 

2. No 

a.  Watch  

b.  Bicycle  

c.  Motorcycle/Scooter  

d.  Animal-drawn Cart  

e.  Car/Truck  

f.  Boat with Motor  

g.  Boat without Motor  

h.  Mobile Telephone  

i.  Tractor  

G11.  
Does any member of this 

household have a bank account? 

1. Yes 

2. No 

 

G12.  
What is the total monthly income 

of this household? 

In rupees 

(“999999” if unknown;  

“999998” if unwilling to response”) 

 

 

__ __ __ __ __ __ rupees 

 H. CHILD WEIGHT 

 “We are now going to measure the child’s weight. Please take off the child’s shoes.” 
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H1.  

Confirm the weighting scale is 

tared to “0.000” and shows “KG” 

 

Do NOT ask; use observation 

1. Yes 

2. No 

 

 

 

H2.  Child's weight   In kilogram 

 

__ __.__ __ KG 

 

“WE ARE NOW FINISHED WITH THE SURVEY PART.” 

ASK THE RESPONDENT TO BE PATIENT; RUN RANDOM SELECTION PROCESS FOR 

FOLLOWING ANTIBODY ASSESSMENT; USE ANTIBODY ASSESSMENT WORKSHEET 

IF CHILD IS SELECTED. 

INSTRUCTION. Before interview ends, review responses about vaccination history. If a child has not 

received the recommended vaccinations, counsel parents on which vaccines the child still needs, when, 

and where to get the vaccination. Provide a copy of EPI vaccination schedule even this child has received 

all vaccines.  

IF CHILD IS NOT SELECTED FOR ANTIBODY ASSESSMENT, END THE INTERVIEW.  

“THANK YOU FOR SHARING YOUR TIME WITH US AND ALLOWING US TO COLLECT 

IMPORTANT SAMPLES FROM YOUR CHILD.” 

FW Comments: 
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Form 4: Antibody Assessment 

 

 A. PROCEEDING & RESCHEDULE CRITERIA 

1.  
Confirm/write Child ID before household 

survey  
 

 

__ __ __ __ __ 

2.  Is the child here at this time? 1. Yes 

2. No >> Section B 
 

 
If no, child is ineligible to enroll at this time. Please stop the interview here, and fill Section B.. 

Ask when child and parent/primary CG will be available for you to return for enrolment. 

3.  
Has your child received a vaccine 

in the last month? 

1. Yes >> 4 

2. No >> 5 

3. Don’t know >> 5 

 

4.  
Please specify name and date of the vaccine 

 Vaccine Date 

 

a 

  
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

b 

  
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

c 

  
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

d 

  
__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

 

If Q3 is YES and Q4 is measles vaccine or pentavalent vaccine, child is ineligible to enroll at this time. Please stop 

the interview here and fill Section B.  

Ask if we can return approximately 1 month from date of vaccination to enrol child.  

5.  

How is child's name feeling today?  Can 

we ask him/her to provide a finger stick 

capillary blood sample for the study? 

1. Yes 

2. No 
 

 
If NO, child is ineligible to enroll at this time. Please stop the interview here and fill Section B. 

Ask if we can return for enrolment.  

CONGRATULATE ON BEING ELIGIBLE FOR ANTIBODY ASSESSMENT STUDY  

AND PROCEED WITH INFORMED CONSENT. 

INSTRUCTION. If parent/caregiver gives consent for child to participate in the antibody assessment 

study, continue to next section. If not, stop interview here and thank family for their time. Use the 
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reschedule record 

 

B. BLOOD COLLECTION RECORD 

Note: Use this worksheet to record blood collection or reschedule visits. 

Read before collection: “I am now going to going to prick your child’s finger OR heel and make 5-10 

drops of blood in this tube. This may hurt temporarily but it will be quick and will not cause harm. Please 

hold your child as I take the sample to make it more comfortable for him/her.” 

1.  
Visit Date 

Interviewer 

ID 
Code Response  Planned Return Date 

Initial 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 1. Blood collection successful 

>> 2 

2. Blood collection with 

difficulty – will return at a 

later date >> 2 

3. Blood collection with 

difficulty – will NOT 

complete any more >> 2 

4. Blood collection not 

attempted; postponed with 

specific return date >> end 

5. Blood collection not 

attempted; postponed 

without return date >> end 

6. Refused to participate – 

Section A NOT completed 

>> end 

7. Refused to participate – 

Section A complete >> end 

8. Other (specify) >> 2 

 

 

 

 

 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Reschedule 
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

 

 

 

 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

Last 

Reschedule  
__ __ / __ __ / __ __ 
 d    d      m    m      y    y __ __ 

 

 

 

 

 

 

 

__ __ / __ __ / __ __ 
 d    d      m    m      y    y 

2.  Time of collection  __ __:__ __ AM/PM (circle one) 
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3.  

 

 

Primary problem  

1. No blood collected because the child 

was moving too much  

2. No blood collected because the child 

cried inconsolably  

3. No blood collected because the guardian 

asked to stop 

4. Could not get enough blood (0.2 ml) 

because the child moved during 

collection 

5. Could not get enough blood (0.2 ml) 

because blood clotted 

6. Could not get enough blood (0.2 ml) 

because guardian asked to stop 

7. Other (specify) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Form 5: GPS Coordinates 

 

 

 
 

1.  

Confirm household ID   
 

__ __ __ – __ __ __ – __ __ __ 

2.  
Do the household belong to a multi-family 

dwelling? 
1. Yes 

2. No >> 4  

 

 

 For a multi-family dwelling, you can choose to either enter GPS coordinates in Q4 or enter the household code of 

another already visited household in this dwelling in Q3 

3.  If YES, enter code of a household in this 

dwelling which GPS coordinates have already 

entered. 

 

  

 

 

__ __ __ – __ __ __ – __ __ __ 

4.  Household GPS coordinates 

 

 

Latitude 

 

 

Longitude 

 

N 2 4 . 8  __ __ __ __ __ 

 

 

E 6 7 . __ __ __ __ __ __ 
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Appendix B Demonstration of electronic data collection tools 

Self-developed electronic data collection application 

We developed an ad hoc electronic data collection application to be used in Android mobile 

phones, after confirming that the Open Data Kit (ODK)-based tools cannot meet the study 

requirements of tracking follow-up household visits and randomize survey participants for 

immune marker assessments. Below are some screen shots to demonstrate the function of 

this application:  

Login page to secure data access 

Front page to create new household visit 

record or search existing household IDs 

stored on server or in device 
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Homepage to track multiple visits to the household and create survey 

forms associated with the visits; randomization results for immune 

marker assessment is indicated on this page 

 

Survey form page to enter responses to the interview questions 
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Supplementary mobile phone applications used in the study 

Random Number Generator  Simple GPS Coordinate Display 

Developed by Saranomy 

(saranomy@gmail.com);  

available from Google Play store  

Developed by Generic Co; 

available from Google Play store 
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Appendix C Wealth index composition 

Variables used in the principal component analysis to generate wealth index 

 
Component 

score  
  Proportion positive by wealth quintile 

Variables Uniqueness    1 2 3 4 5 

Multiple bedroom 0.323 0.896   0.26 0.44 0.55 0.63 0.75 

Own house 0.307 0.906   0.37 0.53 0.68 0.82 0.91 

Water: piped into dwelling 0.107 0.989   0.65 0.72 0.75 0.79 0.81 

Water: piped into yard/plot -0.130 0.983   0.05 0.01 0.01 0.00 0.00 

Water: Public tap/standpipe -0.156 0.976   0.07 0.04 0.03 0.01 0.00 

Water: tube well or borehole 0.019 1.000   0.03 0.04 0.04 0.04 0.03 

Water: tanker truck 0.007 1.000   0.09 0.10 0.09 0.09 0.09 

Water: cart with small tank -0.065 0.996   0.07 0.05 0.04 0.03 0.02 

Water: bottled water 0.019 1.000   0.04 0.04 0.04 0.03 0.04 

Toilet: flush to piped sewer system 0.029 0.999   0.96 0.98 0.99 0.97 0.97 

Toilet: shared toilet -0.304 0.908   0.36 0.23 0.16 0.12 0.09 

Asset: electricity 0.400 0.840   0.89 0.98 0.98 0.99 0.99 

Asset: radio -0.014 1.000   0.05 0.04 0.03 0.02 0.03 

Asset: television 0.453 0.795   0.38 0.66 0.78 0.87 0.96 

Asset: landline phone 0.051 0.997   0.05 0.06 0.05 0.04 0.08 

Asset: refrigerator 0.553 0.694   0.12 0.40 0.66 0.84 0.96 

Asset: almirah/cabinet 0.547 0.701   0.34 0.68 0.88 0.97 0.99 

Asset: chair 0.352 0.876   0.18 0.25 0.36 0.43 0.75 

Asset: room cooler 0.098 0.990   0.04 0.08 0.07 0.07 0.12 

Asset: air conditioner 0.263 0.931   0.01 0.01 0.02 0.03 0.17 

Asset: washing machine 0.554 0.694   0.47 0.87 0.95 0.99 1.00 

Asset: water pump 0.517 0.733   0.30 0.62 0.78 0.91 0.99 

Asset: bed 0.411 0.831   0.80 0.94 0.97 0.98 0.99 

Asset: clock 0.424 0.820   0.46 0.68 0.78 0.89 0.97 

Asset: sofa 0.409 0.833   0.24 0.34 0.47 0.64 0.89 

Asset: camera 0.219 0.952   0.00 0.01 0.01 0.03 0.12 

Asset: sewing machine 0.465 0.784   0.30 0.54 0.67 0.85 0.96 

Asset: computer 0.354 0.875   0.00 0.01 0.01 0.03 0.31 

Asset: internet connection 0.346 0.881   0.00 0.00 0.01 0.01 0.25 

Cooking fuel: electricity -0.509 0.741   0.09 0.00 0.00 0.00 0.00 

Cooking fuel: LPG -0.026 0.999   0.01 0.00 0.00 0.00 0.00 

Cooking fuel: natural gas 0.528 0.721   0.87 0.99 1.00 1.00 1.00 

Separate room as kitchen 0.072 0.995   0.90 0.95 0.96 0.96 0.94 

Floor: cement -0.080 0.994   0.84 0.93 0.87 0.83 0.54 

Floor: vinyl or ceramic tiles 0.312 0.903   0.00 0.02 0.05 0.10 0.32 

Floor: earth, sand, or wood planks -0.561 0.685   0.11 0.01 0.00 0.00 0.00 

Roof: natural or rudimentary -0.466 0.783   0.12 0.02 0.02 0.01 0.00 

Roof: cement 0.319 0.898   0.15 0.22 0.34 0.41 0.63 
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Wall: natural or rudimentary -0.427 0.818   0.11 0.03 0.02 0.01 0.01 

Wall: cement 0.160 0.974   0.54 0.60 0.58 0.62 0.73 

Wall: cement blocks -0.020 1.000   0.31 0.31 0.33 0.31 0.19 

Asset: watch 0.246 0.940   0.48 0.54 0.55 0.63 0.80 

Asset: bicycle -0.023 1.000   0.14 0.10 0.05 0.05 0.12 

Asset: motocycle/scooter 0.538 0.711   0.13 0.38 0.65 0.81 0.96 

Asset: animal-drawn cart -0.073 0.995   0.01 0.00 0.00 0.00 0.00 

Asset: car/truck 0.215 0.954   0.01 0.01 0.01 0.02 0.16 

Asset: boat with motor -0.027 0.999   0.01 0.01 0.01 0.00 0.00 

Asset: boat without motor -0.054 0.997   0.00 0.00 0.00 0.00 0.00 

Asset: mobile phone 0.475 0.774   0.66 0.87 0.95 0.97 1.00 

Asset: tractor -0.021 1.000   0.00 0.01 0.00 0.00 0.00 

Bank account 0.217 0.953   0.14 0.16 0.22 0.32 0.61 
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Histogram of wealth index compared to a normal density plot 

Wealth index mean= 7.84e-18; 

Standard deviation = 1 

Sample size = 3249 

Skewness = -1.945 

 

Summary of self-reported monthly household income by wealth index quintile  

Wealth 
quintile 

Self-reported household income 

Median  Mean Log mean 

1 13000 15529 9.47 

2 15000 17183 9.57 

3 15000 18615 9.63 

4 15000 21518 9.73 

5 16000 24613 9.86 

 

0

1
0
0

2
0
0

3
0
0

4
0
0

F
re

q
u
e

n
c
y

-6 -4 -2 0 2
Wealth index



213 

 

Appendix D Examples of sketch mapping products 

Compact segment sampling sketch map 
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EPI sampling sketch map of a cluster for selection of division
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EPI sketch map of the selected division for selection of the initial household 
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Appendix E Example of satellite imagery with enumeration of build-up structures  
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Appendix F Example of the data inspection facilitator interface 

Data change log: 

 

 

 

 

 

Note: data change log is completed by the data monitor; facilitation tool response is shown in 

the “change made?” column.  

 

Data query list: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: data query list is automatically generated by the facilitation tool; data monitors discuss 

the queries with interviewers and survey managers before make decision to take corrective 

actions or cancel the queries; the “responsible” and “comment” columns are completed by 

data monitors. 
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Appendix G Demonstration of distributed materials in household survey 
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2006 Sept – Aug  Director, SMMU Student Union, Technology Department 

MEMBERSHIP 

 Sigma Xi, Scientific Research Society 

 University Allied for Essential Medicine (UAEM). 

PUBLICATIONS 

Infectious Diseases & Vaccines: 

a. Fancourt N, Deloria Knoll M, Barger-Kamate B, de Campo J, de Campo M, Diallo M, 

Ebruke BE, Feikin DR, Gleeson F, Gong W, Hammitt LL, Izadnegahdar R, Kruatrachue 

A, Madhi SA, Manduku V, Matin FB, Mahomed N, Moore DP, Mwenechanya M, Nahar 

K, Oluwalana C, Ominde MS, Prosperi C, Sande J, Suntarattiwong P, O'Brien KL. 

“Standardized Interpretation of Chest Radiographs in Cases of Pediatric Pneumonia 

From the PERCH Study.” Clin Infect Dis. 2017 Jun 15;64(suppl_3):S253-S261. (PMID: 

28575359) 

b. Gong W. “Projections of fully immunized child coverage by country from DHS survey 
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data and Gavi strategic demand forecast assumptions.” consultant report to Gavi 

Alliance. Sept 2015.  

c. Gong W, Currier F, Reller M. “Ecological Factors of Dengue Fever in Sri Lanka.” 

(working paper) 

d. Gong W, Friede M, Sparrow E. “Increasing Access to Vaccines through Technology 

Transfer and Local Production.”  World Health Organization Press. Geneva, Switzerland, 

2011. (ISBN 978 92 4 150236 8).  
http://www.who.int/phi/publications/local_production_vaccines/en/index.html 

e. Gong W. “Febrile Disease Epidemiology and Geospatial Modeling in Southern Sri 

Lanka.” Duke University. Thesis. 2011. 

Research Tools:  

a. Ostermann J, Grzimek V, Gong W, Whetten K, Thielman N. “How poor is your sample? 

Estimating wealth index scores for small and non-representative samples.” (working 

paper) 

b. Gong W, Ostermann J. “PVENN: a Stata module to create proportional Venn diagram”. 

2011. 
http://econpapers.repec.org/software/bocbocode/S457368.htm  

Cost Effectiveness Analysis: 

a. Emmett SD, Tucci DL, Bento RF, Garcia JM, Juman S, Chiossone-Kerdel JA, Liu TJ, de 

Muñoz PC, Ullauri A, Letort JJ, Mansilla T, Urquijo DP, Aparicio ML, Gong W, Francis 

HW, Saunders JE. “Moving Beyond GDP: Cost Effectiveness of Cochlear Implantation 

and Deaf Education in Latin America. Otol Neurotol. 2016 Sep;37(8):1040-8. (PMID: 

27518131)  

b. Emmett SD, Tucci DL, Smith M, Macharia IM, Ndegwa SN, Nakku D, Kaitesi MB, 

Ibekwe TS, Mulwafu W, Gong W, Francis HW, Saunders JE. “GDP Matters: Cost 

Effectiveness of Cochlear Implantation and Deaf Education in Sub-Saharan Africa.” Otol 
Neurotol. 2015 Sep;36(8):1357-65. (PMID: 26244622)  

c. Saunders JE, Barrs DM, Gong W, Wilson BS, Mojica K, Tucci DL. “Cost Effectiveness of 

Childhood Cochlear Implantation and Deaf Education in Nicaragua: A Disability 

Adjusted Life Year Model” Otol Neurotol. 2015 Sep;36(8):1349-56. (PMID: 26171672) 

Program Evaluation & Community Health:  

a. MOVE research team. “Evaluation of the Funders’ Collaborative for Children (FCFC) 

intervention to support orphaned and other vulnerable children in Salima District, 

Malawi.” Evaluation Report, 2013 

b. Reif S, Sullivan K, Wilson E, Gong W. “Community Health Needs Assessment in York 

County, South Carolina and Mecklenburg County, North Carolina”. Duke Center for 

Health Policy and Inequalities Research. Durham, NC, 2012. 
http://www.wrhi.com/wp-content/uploads/DOC071812.pdf 

http://www.who.int/phi/publications/local_production_vaccines/en/index.html
http://econpapers.repec.org/software/bocbocode/S457368.htm
http://www.wrhi.com/wp-content/uploads/DOC071812.pdf
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HIV/AIDS: 

a. O'Donnell K, Dorsey S, Gong W, Ostermann J, Whetten R, Cohen JA, Itemba D, 

Manongi R, Whetten K. “Treating maladaptive grief and posttraumatic stress symptoms 

in orphaned children in Tanzania: group-based trauma-focused cognitive-behavioral 

therapy.” J Trauma Stress. 2014 Dec;27(6):664-71; (PMID: 25418514)  

b. Reif SS, Whetten K, Wilson ER, McAllaster C, Pence BW, Legrand S, Gong W. 

“HIV/AIDS in the Southern USA: A disproportionate epidemic.” AIDS Care. 2013 Aug 

14; (PMID: 23944833) 

c. Reif S, Whetten K, Wilson E, Gong W. “HIV/AIDS Epidemic in the South Reaches Crisis 

Proportions in Last Decade.” Southern HIV/AIDS Strategy Initiative. Durham, NC, 2012. 

http://globalhealth.duke.edu/news-events/global-health-news-at-duke/hiv-epidemic-in-

the-south-reaches-crisis-proportion/ 

Biomedical Sciences: 

a. Ding J, Wen W, Sun W, Wu K, Ning B, Gong W, He G, Huang S, Chen L, Liu Q, Xie W, 

Wu M, Huang C, Wang H. “Suppression of Cyclin D1 by Hypoxia-Inducible Factor-1 via 

Direct Mechanism Mediates Chemoresistance in Lung Cancer Cells.” Cancer Res. 2010 

Mar 1;70(5):2010-9. (PMID: 20179204) 

b. Ding J*, Ning B*, Gong W*, Wen W*, Wu K, Liang J, He G, Huang S, Sun W, Han T, 

Huang L, Cao G, Wu M, Xie W, Wang H.. *Co-first author. “Cyclin D1 Induction by 

BPDE, via PI-3K/Akt/MAPKs and p70s6k-dependent Pathway, Promotes Cell 

Transformation and Tumorigenesis.” J Biol Chem. 2009 Nov 27;284(48):33311-9 (PMID: 

19801633) 

c. Ding J*, He G*, Gong W*, Wen W*, Sun W, Ning B, Huang S, Wu K, Huang C, Wu M, 

Xie W and Wang H. *Co-first author. “Effects of Nickel on Cyclin Expression, Cell Cycle 

Progression and Cell Proliferation in Human Pulmonary Cells.” Cancer Epidemiol 
Biomarkers Prev. 2009 Jun; 18(6):1720-9. (PMID: 19505905) 

d. Ding J, Huang Y, Ning B, Gong W, Li J, Wang H, Chen CY, Huang C. “TNF-alpha 

induction by nickel compounds is specific through ERKs/AP-1-dependent pathway in 

human bronchial epithelial cells.” Curr Cancer Drug Targets. 2009 Feb; 9(1):81-90. 

(PMID: 19200052) 

CONFERENCES 

a. “Adjusting survey-based vaccination coverage estimates with serology results.” Meeting 
to share lessons learnt from the roll-out of the 2015 WHO Vaccination Coverage Cluster 
Survey Reference Manual and to set an operational research agenda around vaccination 
coverage surveys, Geneva, Switzerland, 2017. 

b. “Evaluation of a Computerized Program for Automated Standardized Classification / 

Interpretation of Chest X-Ray Images in the PERCH Study.” The 9th International 
Symposium on Pneumococci and Pneumococcal Diseases, Hyderabad, India, 2014. 

http://globalhealth.duke.edu/news-events/global-health-news-at-duke/hiv-epidemic-in-the-south-reaches-crisis-proportion/
http://globalhealth.duke.edu/news-events/global-health-news-at-duke/hiv-epidemic-in-the-south-reaches-crisis-proportion/

