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Abstract

Community-based serological studies are increasingly relied upon to measure disease bur-
den, identify population immunity gaps, and guide control and elimination strategies; how-
ever, there is little understanding of the potential for and impact of sampling biases on
outcomes of interest. As part of efforts to quantify measles immunity gaps in Zambia, a com-
munity-based serological survey using stratified multi-stage cluster sampling approach was
conducted in Ndola and Choma districts in May—June 2022, enrolling 1245 individuals. We
carried out a follow-up study among individuals missed from the sampling frame of the sero-
survey in July—August 2022, enrolling 672 individuals. We assessed the potential for and
impact of biases in the community-based serosurvey by i) estimating differences in charac-
teristics of households and individuals included and excluded (77% vs 23% of households)
from the sampling frame of the serosurvey and ii) evaluating the magnitude these differ-
ences make on healthcare-seeking behavior, vaccination coverage, and measles seroprev-
alence. We found that missed households were 20% smaller and 25% less likely to have
children. Missed individuals resided in less wealthy households, had different distributions
of sex and occupation, and were more likely to seek care at health facilities. Despite these
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differences, simulating a survey in which missed households were included in the sampling
frame resulted in less than a 5% estimated bias in these outcomes. Although community-
based studies are upheld as the gold standard study design in assessing immunity gaps
and underlying community health characteristics, these findings underscore the fact that
sampling biases can impact the results of even well-conducted community-based surveys.
Results from these studies should be interpreted in the context of the study methodology
and challenges faced during implementation, which include shortcomings in establishing
accurate and up-to-date sampling frames. Failure to account for these shortcomings may
result in biased estimates and detrimental effects on decision-making.

Introduction

Infectious disease transmission is dictated by the susceptibility of the population, pathogen
transmissibility, and effective contact patterns. Key to pathogen control is understanding the
landscape of population immunity and susceptibility. Serological surveys (serosurveys) pro-
vide the most direct measure of immunity and have been used to quantify susceptibility and
understand the epidemiology of various pathogens, including SARS-CoV-2 [1], measles [2],
pertussis [3], and tetanus [4,5]. Community-based serological surveys are often considered the
gold standard study design to measure population-level outcomes more accurately [6,7].

Serosurveys are particularly relied upon for programmatic decision-making in the control
of vaccine-preventable diseases, including the timing and targets of measles supplemental
immunization activities [8]. Historically, measles control and elimination efforts were primar-
ily implemented through routine immunization programs and supplemented by nationwide
preventative Supplementary Immunization Activities (SIAs). In recent years, efforts have been
undertaken to tailor these supplementary efforts, prioritizing specific subnational areas or pop-
ulation groups for intensive vaccination activities. However, identifying susceptible popula-
tions remains challenging, and no World Health Organization (WHO) regions has been able
to maintain measles elimination despite previously stated ambitions to eliminate the disease
[9-11]. Measles serology provides a more direct measure of population-level susceptibility to
inform the risk of outbreaks and ultimately guide immunization strategies and policies [8].
However, the expense of community-based serosurveys, difficulty in execution, and high bur-
den on human resources make them prohibitive to use as tools for routine surveillance, espe-
cially in settings with limited resources [6,7].

In Zambia, several measles serological studies using less resource-intensive convenience
samples have been conducted to identify locations with high immunity gaps, despite overall
high measles vaccine coverage nationally. These studies have used samples from laboratory-
backed measles case surveillance [12], residual samples collected as part of the Zambia Popula-
tion-Based HIV Impact Assessment (ZAMPHIA) [13], and convenience samples from hospital
laboratories (study ongoing) to reveal immunity gaps across age and space. However, the
extent to which these different convenience sampling approaches result in biased estimates of
seroprevalence still needs to be determined, requiring careful study design and characteriza-
tion [8]. Immunity estimates derived from convenience samples can diverge from those
derived from population-based surveys due to differences in disease severity or exposure levels
[14,15], participation rates [16,17], location of residence [18], and sociodemographic charac-
teristics [19]. On the contrary, some studies have found little variation in estimates between
convenience and population-representative samples [20,21], or that the amount of bias
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introduced due to sampling bias can vary by outcome of interest [22,23]. However, even for
community-based surveys, some individuals may be missed, which may lead to biases and
limit the possibility of evaluating the validity of convenience sampling approaches [6,13,24-
28]. Concerted efforts are needed to confirm the representativeness of community-based sero-
surveys to be able to validate both sampling approaches.

To understand the extent to which sampling bias may be present and affect the results of a
community-based serosurvey conducted in two districts of Zambia in 2022, we conducted a
follow-up study of households missed from the serosurvey’s sampling frame. Specifically, we
wanted to understand whether the two populations (those included in the original serosurvey
and those missed from its sampling frame) differed along some characteristics. Further, we
wanted to evaluate whether the exclusion of these households was likely to result in bias in out-
comes of interest. Specifically, we compared the socio-demographic status, healthcare-seeking,
and vaccination history of missed households and individuals to those included in the serosur-
vey. We further investigated if estimates of healthcare seeking for all age groups and measles
seroprevalence for young children in the age range targeted by immunization campaigns
would be biased by missing specific populations from the survey. Finally, we investigated the
impact of reducing missingness in the sampling frame on the magnitude of imbalances present
in key characteristics of individuals.

Materials and methods
A graphical summary of study methods is provided in S1 Appendix.

Original and follow-up (missed populations) studies

Originally enrolled households. A population-based serosurvey evaluating measles sero-
prevalence by age group was conducted in two districts in Zambia (Ndola and Choma) from
April to June 2022. Choma District is primarily a rural district located in Southern Province.
Ndola District is classified as an urban district located in Copperbelt Province, with the third
highest population density in the country [29]. In each district, 36 clusters were selected using
probability proportional to population size. To establish a household sampling frame, in each
of the selected clusters, the data collection team conducted a two-day listing, during which
data collectors went door-to-door to every household, and collected information on the house-
hold size and presence of individuals in different age groups and their willingness and ability
to participate. If no adult member of the household was available during listing, up to two
attempts to revisit this household were made during the two-day period. In some cases, when
an adult was not available, information about the household was obtained from others that
knew the household composition (e.g., neighbors). Within the listing stage each household fell
into one of the four groupings: 1) Household was unable to be listed due to it being locked, or
having no adult present and no other adult individual able to provide information about
household make-up (“No contact”); 2) Household was listed, provided consent to participate
in the study if selected, and stated that household members would be available during the
study period; 3) Household that refused to be listed or to participate in the study if selected; or
4) Household that agreed to be listed but stated they would not be available during the study
implementation time (e.g., due to upcoming travel). To ensure sufficient sample size in each
age group, three sampling frames were established: households with adults 15 years or older
(all listed households), those with children 1-4 years old, and those with children 5-14 years
old. These sampling frames were restricted to households that provided consent and were
available to participate in the study if selected. From each sampling frame, a pre-determined
number of households was independently selected for each age group of interest. For a selected
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household within a specific sampling frame, an eligible individual was randomly selected for
that age group to be enrolled. A structured questionnaire was administered to the selected
individual or to the caretaker of children, and dried blood spot samples were collected and
tested using a commercial enzyme-linked immunoassay (Measles IgG Test System, Zeus Sci-
entific, USA, 929271GB). The data collection tool used included, to the extent possible, ques-
tions and wording from other nationwide questionnaires, including questions on healthcare
seeking, history of fever and rash, as well as demographics, which were aligned with the 2018
Zambia Demographics and Health Survey [30] or the 2015 Living Conditions Monitoring Sur-
vey VII [31]. Other questions were either adapted or developed for the purpose of the survey,
such as questions on healthcare seeking at district-level hospitals. The questionnaire was
piloted during training. For households that were not listed due to no contact during listing,
data collection team recorded the Global Positioning System (GPS) coordinates, description of
location of the household, and name of the head of the household, when possible.

Identification of missed households. Missed households were defined as those eligible
for the study but not listed at the time of enrollment (e.g., the inhabitants were absent during
listing) or those listed but who reported being unavailable during data collection (see Fig 1A).
These households were excluded from the sampling frames since they had a zero probability of
being selected to participate in the study. However, listed households that refused participation
(15 households, <1%) were not eligible for the missing household study. In total, 2,738 house-
holds (23%) were classified as missed households.

For households with young children (1-4 years), we calculated that 288 households were
needed for the missed population survey to detect at least a 10% difference in vaccination cov-
erage for 1-4 year-olds with 80% power and alpha = 0.1, assuming vaccination coverage of
90% in the original study. We anticipated that reasons for missingness might vary between
clusters with heterogenous levels of missed households and we divided clusters into tertiles
based on the total number of missed households before selection. In Ndola District, four clus-
ters were randomly selected per tertile. Because the average number of missing households
was lower in Choma District, we increased the number of clusters selected to reach the desired
sample size by oversampling clusters from medium and high tertiles. We randomly selected
two, eight, and six clusters from the low, medium, and high tertiles, respectively, for a total of
16 clusters. Within each selected cluster, all missed households were eligible if the number of
missed households was less than 40; otherwise, 40 households were randomly selected.
Restricting the number of sampled households per cluster to 40 allowed us to reach the desired
sample size in both districts while spending on average a week in each cluster and maintaining
a feasible workload per team. We also did not believe that enrolling more than 40 missed
households per cluster would provide us with effectively new information about the missed
population in that cluster.

The missed population study collection occurred between July and August 2022 (see S1
Fig), about three months after the beginning of the original survey. Data collection teams were
provided GPS coordinates for the selected households, the name of the household head (when
available), and descriptions of the household collected during listing in the original study.

Data were collected by a subset of data collection personnel involved in the original study to
reduce interviewer bias and increase comparability between the two studies, as well as to capi-
talize on the team’s experience with the questionnaire. Furthermore, we anticipated that the
teams’ experience and familiarity with the clusters would be an advantage in locating the
missed households, especially where descriptions of the households available from the original
study were vague. Finally, the teams had a clear understanding of the difficulties of working in
the clusters, including road conditions, terrain, and distance, which we judged to be an advan-
tage for the missed populations study.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0003072  April 29, 2024 4/21


https://doi.org/10.1371/journal.pgph.0003072

PLOS GLOBAL PUBLIC HEALTH Biases due to missed populations in Zambia community-based serosurvey

Choma
400
300
200
P
ket
2 100
£
III il ||||||II||I||||||||||||
g 0 B Non-contact
% XXX XXX XX X X X N [l Contact, not available
5 Ndola B Refused
2 400
£ [l Available
Z 300
200
“Ii ||||II ||I |||| il |||||| i
. |
X oxx XX X X x Xxx x x
Cluster
Choma
40
30
20
P
et
2 10
]
: A i N
2 9 -— Status
s B Completed
5 Ndola ) .
g B Household not found
5
=

40 B Non-contact
30
20
§ I I
. |

Cluster

Fig 1. Status of households enrolled in the original community-based measles serological survey and missed
populations study, Ndola and Choma Districts, Zambia, 2022. A. The distribution of household status from listing
in the original serosurvey conducted in Choma and Ndola Districts, by cluster. Households classified as “Available”
provided consent to participate in the study and reported that they would be available during the data collection; these
households comprised the sampling frame for the original study. Households that refused (“Refused”) were excluded
from the original study sampling frame and were ineligible for the missed populations study. Households classified as
“Non-contact” were households that were locked at the time of listing (and during revisits), or if there was no adult
respondent at home, and nobody was available to provide information about the household (e.g. neighbor). Finally,
households that were listed but which reported not being available during data collection (“Contact, not available”)
were excluded from the sampling frame in the original study. The households in the latter two categories were eligible
for the missed populations study. Clusters are arranged in descending order by percentage of households eligible for
the missed populations study (“Non-contact” and “Contact, not available” households). “X”™'s indicate clusters selected
for the missed population study. B. Distribution of households that the data collection team attempted to reach by
status, cluster, and district in the missed populations study. Households classified as “Completed” were successfully
located and provided consent to participate in the study. “Household not found” indicates households identified for
inclusion in the missed populations study that could not be located during this study. “Non-contact” refers to
households which were physically located, but ones in which the data collection team could not contact its occupants.
No household refused participation. Clusters are arranged in order of decreasing percent missed in the missed
populations study, comprised of “Household Not Found” and “Non-contact” households.

https://doi.org/10.1371/journal.pgph.0003072.9001

After locating the missed households, the teams enrolled one eligible individual from each
age group of interest residing in the household (child 1-4 years old, child 5-14 years old, adults
15 years and older). If individuals agreed to participate, data collection teams conducted inter-
views using a shortened data collection tool from the original study, namely removing the
module on travel survey and mobile phone ownership. No blood samples were collected, and
no additional questions were added to this questionnaire.
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Operational definition of original and missed populations

Hereon forth, “original” population refers to the study sample obtained from the serosurvey
carried out in April—June 2022. “Missed” population refers to the study sample included in
the follow-up survey carried out in July—August 2022. These were households selected among
those eligible for the original serosurvey but not listed or reporting to be unavailable during
study period.

Comparison between original and missed populations

We compared household and individual demographic characteristics and reported healthcare-
seeking for all three age groups and vaccination history for children 1-4 years old. Definitions
and categorizations of characteristics are provided in S2 Appendix. We calculated the propor-
tion of respondents in each category or the mean and standard deviation across variables. Dif-
ferences between populations were assessed using either Pearson’s chi-squared test or Student’s
t-test. In addition, we fit a mixed effects model with the cluster as a random effect to test for
associations between covariates and residing in a missed household. Details of the model are
provided in S3 Appendix. For comparison of household-level characteristics, we restricted the
original study to households that were selected from the sampling frame of adults (all house-
holds). All analyses were restricted to clusters selected for the missed populations study.

Estimating bias from an incomplete sampling frame

To assess the impact of missed individuals and households from our sampling frame, we simu-
lated surveys to include these populations in our original sampling frame. For each cluster, we
selected with replacement the same number of individuals as the number of households
selected in the original survey (see S1 Table). We bootstrapped to obtain 100 replicates using
the original dataset (“Original” bootstrap) and 100 replicates using the mixed dataset (“Mixed”
bootstrap), the latter comprised of both the original and missed population data sets. House-
holds in the sampling frame were assigned different selection probabilities (S4 Appendix).
After obtaining the “Original” and “Mixed” bootstraps, we calculated weighted and
unweighted proportions for three outcomes of interest: proportion of individuals willing to
seek care in one of the three referral-level hospitals in each study area (Arthur Davison Chil-
dren’s Hospital and Choma General Hospital for children 1-14 years old, and Ndola Teaching
Hospital and Choma General Hospital for adults), stratified by age groups; coverage with sec-
ond dose of measles-containing vaccine (MCV2) for children 1-4 years old; and measles sero-
prevalence for children 1-4 years old. In the original dataset, measles seropositivity was
estimated from dried blood spot samples. Since no blood samples were collected as part of the
missed populations study, seropositivity was predicted for children 1-4 years old using covari-
ates such as individual and household demographics, healthcare seeking, vaccination history,
and history of fever and rash from the original dataset (see S5 Appendix).

Bootstrap median and intervals for the difference in estimates between the “Original” and
“Mixed” bootstrap simulations were obtained by first calculating the difference between esti-
mates in each bootstrap replicate and then obtaining the 50", 2.5, and 97.5™ percentiles. Bias
was defined as the difference in the estimates obtained from the “Original” bootstrap and the
“Mixed” bootstrap simulations.

Implications of increasing completeness of the sampling frame

We explored a strategy to decrease potential bias from an incomplete sampling frame by simu-
lating listing additional households until a defined missingness threshold was reached. For a
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set threshold of missingness C%, if the original sampling frame for the cluster was missing less
than C% households, listing was stopped in that cluster. However, if the original sampling
frame was missing at least C% households in a cluster, listing continued until at most C% of
households were excluded from that sampling frame.

We considered six thresholds of missingness (5%, 10%, 15%, 20%, 25%, and 30%). For each
cluster, we calculated the additional number of households that would have to be listed from
the missed populations dataset to reach each threshold of missingness considered. For each of
the 100 simulations, we randomly selected that number of households from the missed house-
holds. We included them in the sampling frame of the households enrolled in the original
study. We then bootstrapped using selection probabilities to sample the desired number of
individuals from this updated sampling frame. We compared the estimate for the indicator of
interest from the resulting bootstrap to the bootstrap obtained under the assumption that all
households from the missed population study were also included in the sampling frame
(“Mixed” bootstrap, as described above). We considered two indicators of interest, sex of adult
respondents and the proportion of enrolled households with children, because these had the
largest imbalance between the original and the missed populations study samples.

All data were collected using CSPro [32]. Data management, processing, and analyses were
carried out in R version 4.2.1 [33] and RStudio version 2023.6.2.561 [34].

Ethics statement. The original study received human subjects research approval from
Johns Hopkins Bloomberg School of Public Health IRB (IRB00018265). The missed popula-
tions study was also approved by this IRB (IRB00019834). Both studies were approved under a
single protocol by the National Health Research Authority, Zambia, and the Tropical Diseases
Research Centre Ethics Review Committee (IRB00002911, FWA0003729).

The recruitment period lasted from April 8, 2022 to June 2, 2022 for the original study, and
from July 4, 2022 to August 4, 2022 for the missed populations study.

During household listing in the original study, verbal consent was obtained from the head
of the household or another adult (18 years or older) present at the time of the listing to collect
the household listing data. During the implementation of both the original and missed popula-
tion studies, for adult participants, written informed consent was obtained. For individuals
under 18 years old, parents or guardians provided parental permission for the child to partici-
pate. If the adult individual was unable to provide a signature, they provided a thumbprint to
signify their consent. Verbal assent was obtained for children aged 10 to 17 years old, and was
documented by the person obtaining assent. All consent, parental permission, and assent
forms were available in English, Bemba, and Tonga, and were administered in the preferred
language of the participants by trained study team members.

Results

Comparing socio-demographic characteristics and healthcare seeking
between the original and missed populations

There were differences in socio-demographic characteristics between residents of
missed households and households participating in the original serosurvey. In total, 1245
individuals were included in the analysis from the original serosurvey and 672 from the missed
households study (see Table 1). Of the missed households selected for follow-up, most were
enrolled (96% per district, Fig 1B); no households refused participation, but several (3.6%)
were not found. Living in a female-headed household, lower wealth index, smaller household
size, and living in Ndola (urban setting) rather than Choma District (predominantly rural dis-
trict) were positively associated with being in the missed population (S2 and S3 Tables). For
adults, being male was also significantly associated with residing in a missed household
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Table 1. Comparison of household-level characteristics of individuals enrolled in the original community-based measles serological survey and missed population
study. The original serosurvey was carried out in April—June 2022 in Ndola and Choma districts, Zambia, using stratified multi-stage cluster design. The follow-up
missed population study was carried out in a subset of clusters of the original survey between July— August 2022. This study was carried out in a subsample of clusters
from the original survey; in each selected cluster, a sample of households not available during listing of the original serosurvey, and hence excluded from its sampling
frame, were randomly selected.

Characteristic Ndola Choma
Original, N = 454 | Missed Population, N =366 | p-value’ | Original, N =791 | Missed Population, N = 306 | p-value’

Sex of head of household 0.13 0.012

Female 33% 38% 28% 36%

Male 67% 62% 72% 64%
Number of people in household 6(2) 4 (3) <0.001 6(3) 4 (3) <0.001
Households with children 92% 60% <0.001 92% 63% <0.001
Number of children in household! 2.23(1.38) 1.33(1.49) <0.001 2.68 (1.79) 1.60 (1.66) <0.001
Wealth score'? 1.90 (1.16) 132 (1.21) <0.001 -1.31 (2.69) -1.56 (2.79) <0.001
'"Mean (SD).

*Wealth score: A standardized score calculated after principal component analysis of socio-economic variables.

3Calculated using Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test.

https://doi.org/10.1371/journal.pgph.0003072.t001

(OR =1.78; 95% CI: 1.34-2.36) (S3 Table). Model diagnostics show a moderately good fit,
except for the model for children 5 to 14 years old (Hosmer-Lemeshow goodness-of-fit p-
value <0.05) (S3 Appendix).

At individual level, children in the missed populations study came from less wealthy house-
holds (S2 and S3 Tables) but did not differ from children in the original survey on other socio-
demographic characteristics. In contrast, adults differed in other characteristics besides wealth
score (S4 Table). Notably, a smaller proportion of adult respondents in the missed populations
study was female compared to the original study (54% vs. 71% in Ndola, p<0.001; 55% vs. 67%
in Choma, p = 0.002). Adult respondents in the missed populations study also had a different
distribution of occupations compared to the original study: a larger proportion of participants
held elementary occupations, and a smaller proportion were retired, unemployed, or a home-
maker (p = <0.001) (S4 Table).

Individuals in missed households were more likely to seek care at referral-level hospi-
tal. Since residual samples collected from hospital laboratories are commonly used, the origi-
nal serosurvey focused on understanding the characteristics of individuals who might not seek
care at these hospitals, leading to potential biases in estimating seroprevalence when using
residual samples. As such, we further investigated differences in care-seeking behavior at these
hospitals between participants in the original serosurvey and those residing in missed house-
holds. For all respondent groups, participants from missed households reported being more
likely to seek care from the referral-level hospitals than participants in the original serosurvey
(see Tables 2 and 3). Although government clinics and health centers were the predominant
first choice for healthcare seeking in both the missed and original surveys, caregivers of chil-
dren in missed households were more likely to first seek care for a child’s febrile illness in
these facilities than in the originally included households (Table 2). In Choma, adults from
missed households were less likely to use public motorized transport and reported shorter
travel times to health facilities (Table 3). While the studies were not powered to detect differ-
ences between adults stratified by whether they resided in households with or without chil-
dren, stratification reduced the difference in characteristics of adults in missed and original
studies (S5 Table).
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Table 2. Healthcare-seeking and characteristics reported by caregivers of children 1-4 years old and 5-14 years old. Results presented are for univariable analysis, by
district and age group, and multivariable analysis, by age group only. “Original” refers to the serosurvey carried out in April—June 2022 in Ndola and Choma districts,
Zambia, using stratified multi-stage clustering design. “Missed” refers to the study sample from the follow-up missed population study, carried out in a subset of clusters of
the original survey between July—August 2022. This study was carried out in a subsample of clusters from the original survey; in each selected cluster, a sample of house-
holds not available during listing of the original serosurvey, and hence excluded from its sampling frame, were randomly selected.

Caregivers of children 1-4 years old

Caregivers of children 5-14 years old

Ndola Choma Multivariable Ndola Choma Multivariable
2 2
Characteristic Original p- Original p- OR; p-value Original p- Original p- OR; p-value
(N =101); value! (N =198); value! (N =208); value! (N =371); value!
Missed Missed Missed Missed
(N =106) (N =105) (N =185) (N =162)
District (Ref: Ndola) 0.246; p = 0.001 0.104; p<0.001
Household-level characteristics
Male-headed 73%; 67% 0.32 82%;58% <0.001 | 0.513; p =0.003 68%;:32% 0.027 70%;62% 0.090 | 0.711; p = 0.030
household
Wealth score® 1.74 <0.001 | -1.36(2.67);- | <0.001 | 0.821; p=0.014 1.96 (1.12)- <0.001 -1.31 (2.74); 0.003 | 0.651; p<0.001
(1.26);1.35 2.00 (2.80) 1.47 (1.09) -1.59 (2.91)
(1.13)
Number of people in 6(2);6(3) 0.12 6(3);5(2) <0.001 | 0.919; p = 0.050 6(3);6(2) 0.016 6(2);5(2) 0.002 | 0.903; p = 0.002
household?
Male child 41%;51% 0.15 | 51%;58% 0.24 1.458; p = 0.062 51%;46% 0.30 48%;52% 0.44 0.899; p = 0.477
Health care seeking at Choma General Hospital or Arthur Davison Children’s Hospital
Would seek care at 0.032 0.004 0.032 0.004
referral-level health
facility*
Don’t know 0%;0% 0.5%;0% 0%;0% 0.3%;0%
No 7%;1% 15%;3.8% 5%;1% 14%;5.6%
Yes 93%;99% 85%;96% 95%;99% 85%;94%
Way to travel to 0.43 0.86 0.073 0.20
referral-level health
facility
Private motorized 5.0%;2.8% 2.5%;4.8% 5.3%;8.1% 5.4%;8.0%
transport (e.g.,
personal car or
scooter)
Public motorized 85%;83% 72%;69% 87%;82% 68%;60%
transport (e.g., bus,
taxi)
Walk 8.9%;14% 21%;22% 5.8%;9.7% 22%;28%
Bicycle 0%;0% 3.5%:3.8% 0%;0% 3.5%;2.5%
Other 1.0%;0% 1.0%;1.0% 1.9%;0% 0.5%;1.2%
Travel time to 0.23 0.26 0.32 0.13
referral-level health
facility®
Less than 30 mins 17%;13% 17%;25% 16%;18% 18%;19%
30 mins—less than 35%;25% 18%;18% 36%;29% 18%;26%
1hr
1 hr—less than 2 32%;39% 22%;26% 33%;33% 22%;22%
hrs
2 hrs—Iless than 3 15%;23% 17%;13% 15%;20% 22%;16%
hrs
3 or more hours 0%;0% 26%;17% 0%;0% 21%;17%
General healthcare-seeking behavior
Money not a big 37%;47% 0.12 24%;10% 0.003 | 0.907; p = 0.684 33%;42% 0.045 23%;10% <0.001 | 0.995;p =0.980
barrier for health care
seeking
(Continued)
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Table 2. (Continued)

Caregivers of children 1-4 years old Caregivers of children 5-14 years old
Ndola Choma Multivariable Ndola Choma Multivariable
2 2
Characteristic Original p- Original p- OR; p-value Original p- Original p- OR; p-value
(N=101); | value' | (N=198); | value! (N=208); | value' | (N=371); | value
Missed Missed Missed Missed
(N =106) (N =105) (N =185) (N =162)
Distance not a big 71%;78% 0.24 42%;51% 0.11 75%;83% 0.059 44%;47% 0.56
problem for health
care seeking
Where respondent 0.93 0.041 0.021 0.042
would seek care for
child’s severe fever
first
Government clinic 94%;95% 92%;98% 92%;96% 949%;96%
/ health center
Government or 4.0%;3.8% 3.0%;0% 7.2%;2.2% 1.6%;1.9%
mission hospital
Pharmacy or 1.0%;0% 0%;0% 0%;0% 0%;0%
chemist
Private clinic or 1.0%;0.9% 0.5%30% 0.5%;1.6% 0%30%
hospital
Community health 0%;0% 4.5%;1.0% 0%;0% 4.0%;0.6%
worker
Traditional healer 0%;0% 0%;1.0% 0%;0% 0%30.6%
Other facility 0%:0% 0%;0% 0%;0.5% 0%;0.6%
Don’t know 0%:0% 0%;0% 0%;0% 0.3%;0%
Has vaccination card® 0.82 0.084
No 3.0%;1.9% 5.6%;3.8%
Yes, card not seen 36%;39% 33%;46% Only applicable to children 1-4 years old. Caretakers of children 5-14
Yes, card seen 61%:59% 62%:;50% years old were not asked these questions.
Regular vaccination 0.004 0.74
location>®
Community health 2.0%;0% 0%;0%
worker
Government clinic 809%;94% 86%:;83%
/ health post
Government or 4.0%;0.9% 2.5%;1.9%
mission hospital
Other facility or 0%;0.9% 0%;0%
individual, specify
Outreach posts 14%;3.8% 11%;15%
Does not receive 0%;0% 0.5%;0%
vaccines

!Fisher’s exact test; Pearson’s Chi-squared test.

2In multivariable model, the following covariates were included: District, male sex, male-headed household, wealth score, number of people in household, money not a
big problem for seeking healthcare. For children 1-4 years old only, receipt of second dose of Pentavalent vaccine was also included. Full results are presented in S3
Appendix.

*Mean (SD).

“Choma General Hospital for respondents in Choma District or Arthur Davison Children’s Hospital for respondents in Ndola District.

*Excludes “Don’t know” responses.

°Only applicable to children 1-4 years old. Caretakers of children 5-14 years old were not asked these questions.

https://doi.org/10.1371/journal.pgph.0003072.t002
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Table 3. Healthcare-seeking and characteristics reported by adults 15 years and older. “Original” refers to the serosurvey carried out in April—June 2022 in Ndola and
Choma districts, Zambia, using stratified multi-stage clustering design. “Missed” refers to the study sample from the follow-up missed population study, carried out in a
subset of clusters of the original survey between July—August 2022. This study was carried out in a subsample of clusters from the original survey; in each selected cluster,

a sample of households not available during listing of the original serosurvey, and hence excluded from its sampling frame, were randomly selected.

Characteristic Ndola Choma Multivariable OR; p-
Original, Missed, p-value® Original, Missed, p-value® value®
N =186' N =367" N =347 N =305

District (Ref: Ndola) 0.073; p<0.001
Household-level characteristics
Male-headed household 66% 62% 0.39 71% 64% 0.057 0.737; p = 0.039
Wealth score* 2.00 (1.07) 1.32 (1.21) <0.001 -1.36 (2.72) -1.57 (2.80) 0.005 0.602; p<0.001
Number of people in household* 5(2) 4(3) <0.001 5(3) 4(3) <0.001 0.858; p<0.001
Male respondent 29% 46% <0.001 83% 64% <0.001 1.776; p<0.001
Health care seeking at Choma General Hospital or Ndola Teaching Hospital
Would seek care at referral-level health facility ° 0.001 <0.001
Don’t know 0.5% 0% 0% 0%
No 6.5% 1.4% 12% 4%
Yes 93% 99% 88% 96%
Way to travel to referral-level health facility 0.29 <0.001

Private motorized transport (e.g., personal 6.5% 6.5% 2.3% 9.2%
car or scooter)

Public motorized transport (e.g., bus, taxi) 90% 92% 72% 59%

Walk 2.7% 1.9% 22% 28%

Bicycle 3.5% 3.6%

Other 1.1% 0% 0.9% 0.3%
Travel time to referral-level health facility® 0.53 <0.001

Less than 30 mins 12% 13% 16% 25%

30 mins—less than 1 hr 43% 42% 14% 22%

1 hr—less than 2 hrs 37% 40% 24% 23%

2 hrs—less than 3 hrs 7.9% 4.4% 26% 13%

3 or more hours 0.6% 0.6% 19% 14%
General healthcare seeking
Money not a big barrier for health care seeking 31% 48% <0.001 32% 12% 0.001 1.203; p = 0.265
Distance not a big problem for health care 64% 83% <0.001 40% 48% 0.00
seeking

196.

*Fisher’s exact test; Pearson’s Chi-squared test.

*In multivariable model, the following covariates were included: District, male sex, male-headed household, wealth score, number of people in household, money not a

big problem for seeking healthcare. Full results are presented in S3 Appendix.

“Mean (SD).

>Choma General Hospital for respondents in Choma District or Ndola Teaching Hospital for respondents in Ndola District.

6
Excludes “Don’t know” responses.

https://doi.org/10.1371/journal.pgph.0003072.t003

Young children residing in missed households had similar vaccination coverage histo-
ries compared to children in the original study, although the site of vaccination differed.
The distribution of vaccine receipt for bacille Calmette-Guérin (BCG); the first dose of diph-
theria, pertussis, and tetanus vaccine (Pental); and first and second doses of measles-contain-
ing vaccine (MCV1, MCV2) was similar for children 1-4 years old in missed and original
surveys (Fig 2). In Choma District, a smaller proportion of children from missed households
had documented Pentavalent vaccine coverage compared to children in the original study
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Fig 2. Vaccination status for children 1-4 years old, by vaccine. Results are presented for the original community-based measles serological
survey and missed populations study, Ndola and Choma Districts, Zambia, 2022. The vaccines considered are bacille Calmette-Guérin, BCG;
the first, second, and third dose of diphtheria, pertussis, and tetanus (Pental, Penta2, Penta3); and first and second doses of measles-
containing vaccine (MCV1, MCV2).

https://doi.org/10.1371/journal.pgph.0003072.9g002

(Pental: p = 0.073; Penta2: p = 0.044; Penta3: p = 0.021), although reported coverage was simi-
lar when sources of documentation (e.g., documented vs. recall only) were combined (Fig 2).
In Ndola District, a larger proportion of caregivers in missed households brought children to
government clinics or health posts as their regular vaccination location compared to those in
the original study, and a lower proportion used outreach posts (p = 0.004) (Table 2).

Estimating bias introduced by an incomplete sampling frame

Using bootstrapping to simulate the inclusion of missed households in the sampling frame
along with those captured in the original study, we evaluated possible bias resulting from the
incomplete sampling frame for three outcomes of interest: care seeking from specified refer-
ral-level facilities by each age group, MCV2 coverage for children 1-4 years old, and predicted
measles seroprevalence for children 1-4 years old. Simulations that included missed house-
holds in the original study sampling frame resulted in a small change in estimates for all three
outcomes (Fig 3), but the bias resulting from the exclusion of missed households from the sam-
pling frame was minimal (<5% for all outcomes) and not statistically significant (S7 Table).

Implications of increasing completeness of the sampling frame

We assessed the effect of the missingness threshold on bias in estimates of two characteristics:
sex of adult respondents and the proportion of enrolled households with children. These char-
acteristics were selected because they had a large imbalance between the missed households
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Fig 3. Estimates of outcomes of interest using the sampling frame from the original community-based measles
serological survey (excluding missed households) in Ndola and Choma Districts, Zambia, 2022, and a mixed
sampling frame (including both households enrolled in the missed population study and households enrolled in
the original study). Weighting was done using the estimated population in each age group in each cluster in the
missed population study for outcomes of interest including A. Healthcare seeking (actual and theoretical) at facilities
of interest (Arthur Davison Children’s Hospital and Choma General Hospital for children 1-4 and 5-14 years old, and
Ndola Teaching Hospital and Choma General Hospital for adults 15 years and older), B. MCV2 coverage, children 1-4
years old, and C. Measles seroprevalence, children 1-4 years old.

https://doi.org/10.1371/journal.pgph.0003072.g003

Measles seroprevalence

Proportion
s o o o
g8 ¥ 8 &

Proportion
o o o o
S & 9
8 3

Bias
°
8

Bias
& o
g a
3 8

and those in the original study (S4 Table). For both indicators, bootstrapped confidence inter-
vals were wide and simulation results suggested that even the original study design (excluding
all missed households) produced estimates that were not significantly biased (Fig 4). As
expected, using smaller thresholds of missingness resulted in lower median bias (Fig 4). In
Ndola District, using the original study design would have resulted in a median bias of just
over 5% when estimating the proportion of adult respondents 15 years of age and older who
were female, but using thresholds of missingness of 20% and lower would have brought the
median bias within 5% of the value estimated if all missed households were included in the
sampling frame (Fig 4A). In Choma District, the original study design would have resulted in a
median bias of just over 2.5% when estimating the proportion of adults living in households
with children. Using a 30% or lower threshold would have brought this median bias to below
2.5% (Fig 4B).

Discussion

While community-based surveys with probability-based sampling are usually held as gold
standard study design for estimating population-level outcomes, their validity may be threat-
ened by incomplete sampling frames. In our study, the households and individuals missed in
the original serosurvey had significantly different characteristics compared to those included
in the original serosurvey. Households missing from the original serosurvey’s sampling frame
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Fig 4. Amount of bias for estimates of outcome of interest using different missingness thresholds to trigger
additional listing, by district. Outcomes of interest are A. female respondents among adults 15 years and over, and B.
households with children under 15 years of age. Bias is defined as the difference in the indicated estimate in the
original dataset (community-based measles serological survey carried out in Ndola and Choma Districts, Zambia,
2022), or bootstrapped with a specified percent missingness threshold and the estimate from a dataset with a sampling
frame that includes all missed population households.

https://doi.org/10.1371/journal.pgph.0003072.g004

were smaller, less likely to have children, and less wealthy. Adults included in the missed popu-
lation study were more likely to be male than in the original study and were more likely to
hold elementary occupations. Because the original serosurvey had a secondary objective of
identifying the profile of individuals who may not seek care at reference facilities, we compared
enrollees” health-seeking attitudes and behavior in the original study and the missed popula-
tion study. Residents of missed households were more likely to seek care at one of the referral-
level hospitals of interest.

While residents of the missed households and those in the original study were different across
these dimensions, simulations of what would have happened if missed households were included
in the sampling frame indicate that critical outcomes of interest, such as healthcare-seeking
behaviors across all age groups and routine MCV2 coverage and measles seropositivity among
children 1-4 years old would not have changed significantly. This is likely because the number
of households and individuals excluded from the sampling frame was relatively low overall,
although this varied by cluster. Furthermore, because households missed generally had fewer
residents and fewer children, their contribution to child-specific indicators was relatively low.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0003072  April 29, 2024 14/21


https://doi.org/10.1371/journal.pgph.0003072.g004
https://doi.org/10.1371/journal.pgph.0003072

PLOS GLOBAL PUBLIC HEALTH Biases due to missed populations in Zambia community-based serosurvey

This provides evidence that the results of the serosurvey conducted in Ndola and Choma
Districts are likely robust to these biases. However, observed imbalances in population charac-
teristics, such as the sex of the respondents and the proportion of households with children,
may contribute to biases in other studies where outcomes of interest are strongly associated
with these characteristics. For outcomes like measures of population immunity, even a small
bias could result in misclassification of subnational areas’ risk for an outbreak if the outcome is
close to a defined threshold of acceptability. We proposed a practical way to assess the magni-
tude of missingness that should trigger additional listing to reduce potential biases in indica-
tors of interest. The suggested framework can be used to determine the threshold at which
listing should continue if there are concerns about imbalances between listed and unlisted
households. For example, in conducting a study where the sex of adult respondents was closely
associated with the outcome of interest, the household listing should continue until the per-
centage of unlisted households was less than 20% in Choma District and 15% in Ndola District,
which would assure that the median bias in the proportion of female respondents was less than
2.5%. In practice, estimating the exact value of the threshold to use would require having some
prior understanding of expected strength of association between characteristics of households
and outcome of interest. If this information is available, and data on these characteristics are
collected during listing, simulations similar to the ones carried out in this study could be used
to determine the threshold of missingness.

While we did not formally evaluate reasons why households included in the missed popula-
tions study were missing from the original study, data collection teams reported that a com-
mon reason for initially being missed was leaving households very early (5 or 6 in the
morning) and returning home late, especially when household members were businessmen,
farmers, and gardeners who tended to fields and plots outside of their households or traveled
to markets or out of town to sell wares. At other times, residents of missed households were
mobile due to their occupations: soldiers, bus and truck drivers, bus conductors, teachers on
leave for examinations or vacation, or temporary workers. Understanding the demographic
characteristics of populations likely missed during listing could inform strategies to include
these populations. For example, being flexible with the hours of data collection (conducting
the survey early or very late, scheduling weekend appointments) and location of data collection
(at the workplace rather than at the household) might allow data collection teams to have
higher response rates and fewer imbalances. Shifting between clusters to allow callback times
allowed for more flexibility in reaching some households; however, this would be challenging
at the listing stage.

The study has several limitations. In assessing bias, we only considered households and
individuals missed due to unavailability during the listing or anticipated unavailability during
the study period. This does not include individuals who refused participation (even though
their household agreed to participate in the study) or could not be contacted after they were
selected to participate in the study (1.4%), or individuals who were ineligible for inclusion
because they were absent the previous night (10.1% of individuals in households). While
absent individuals were likely more similar to those included in the missed population study,
we do not know the characteristics of individuals who refused participation.

Both social desirability and recall bias may have impacted the reporting of vaccination cov-
erage for children who did not have under-five cards or other documentation of vaccination
history. Social desirability may have also affected reporting whether individuals had visited the
referral-level health facilities or if they would have visited them had they been referred. It is
possible that social desirability bias was more substantial in the missed population study
because some individuals may have felt that they inconvenienced the data collection team due
to additional efforts the team took to locate them for the missed population study. It is likely
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that this would have resulted in bias away from the null in our study, which meant that the
magnitude of bias estimated in our simulation is greater than the true bias resulting from miss-
ing these populations.

The findings are consistent with other published studies. For example, a study in India
found that households not listed in the sampling frame were more difficult to physically access
(e.g., terrain or living in residential complex), which likely resulted in unbalanced socio-demo-
graphic characteristics [35]. However, it is unclear whether these imbalances resulted in biased
estimates of measles and rubella seroprevalence or other outcomes. Our study also found
higher nonresponse rates in urban clusters, although data collection teams did not experience
challenges in reaching households due to geographical inaccessibility. A meta-analysis of 59
studies using different sampling strategies found that nonresponse bias stemming from sam-
pling frame exclusion resulted in an 8% difference in outcome proportions between respon-
dent and nonrespondent groups, a lower average bias than other sources of nonresponse [36].
The authors found that the risk of bias can be reduced through high response rates when the
reasons for nonresponse are highly correlated with the distribution of response variables [36].
In our study, we observed that while the rate of exclusion from the sampling frame was size-
able, and populations differed among some socio-demographic characteristics, this did not
lead to significant nonresponse bias.

Conclusions

This study found differences in demographic characteristics of populations included in a sero-
survey conducted in two districts in Zambia in 2022, and those missed from the serosurvey’s
sampling frame. Namely, the two populations differed in household size, occupations of adults
in the households, household wealth, and healthcare seeking. However, simulations showed
that exclusion of households from sampling frame did not translate to meaningful differences
in the outcomes of interest, resulting in less than 5% difference in estimated measles seropreva-
lence and vaccination coverage. In other settings where differences in socio-economic charac-
teristics may be more strongly associated with the outcomes or with a higher percentage of
missed households, this bias may impact results. Using a pre-specified threshold of missing-
ness to trigger additional days of listing in a cluster before commencing data collection could
be a way to reduce the potential for bias. Finally, this study highlights the importance of con-
sidering the study methodology and challenges encountered during implementation when
interpreting the results of community-based studies including accounting for potential short-
comings in accurately establishing sampling frames. In contexts where sampling frames sys-
tematically exclude hard-to-reach populations, including mobile populations or individuals
with less access to social power, we strongly recommend additional efforts to improve and
enrich the sampling frame may result in biased results and potentially detrimental effects on
decision-making.

Supporting information

S1 Checklist.
(DOCX)

S1 Fig. Time of data collection in original serosurvey (“original”) and the missed popula-
tion study (“missed population”). Gaps in data collection for the same survey indicate that
during the initial visit to the cluster, the teams could not locate all households or individuals
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