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Abstract

Background—Respondent-driven sampling is used worldwide to estimate the population
prevalence of characteristics such as HIVV/AIDS and associated risk factors in hard-to-reach
populations. Estimating the total size of these populations is of great interest to national and
international organizations, however reliable measures of population size often do not exist.

Methods—Successive Sampling-Population Size Estimation (SS-PSE) along with network size
imputation allows population size estimates to be made without relying on separate studies or
additional data (as in network scale-up, multiplier and capture-recapture methods), which may be
biased.

Results—Ten population size estimates were calculated for people who inject drugs, female sex
workers, men who have sex with other men, and migrants from sub-Sahara Africa in six different
cities in Morocco. SS-PSE estimates fell within or very close to the likely values provided by
experts and the estimates from previous studies using other methods.

Conclusions—SS-PSE is an effective method for estimating the size of hard-to-reach
populations that leverages important information within respondent-driven sampling studies. The
addition of a network size imputation method helps to smooth network sizes allowing for more
accurate results. However, caution should be used particularly when there is reason to believe that
clustered subgroups may exist within the population of interest or when the sample size is small in
relation to the population.
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Introduction

To measure the magnitude of HIV/AIDS and other infections among hard-to-reach
populations, countries are required by international donors (UNAIDS, WHO, Global Fund
to Fight AIDS, Tuberculosis and Malaria, etc.) to provide population size estimates of key
populations at higher risk of HIV exposure, including people who inject drugs, female sex
workers, men who have sex with other men, and migrants. Knowing the true population size
of key populations is essential for disease transmission modeling and projections,
understanding the burden of disease, gauging service coverage, guiding resource allocation,
and advocating for programs to reach key populations. To meet this requirement, size
estimates of key populations are currently collected in conjunction with studies using
respondent-driven sampling.

Respondent-driven sampling is widely used to obtain samples of populations in which
members are connected to each other via a network of social ties, and for which no sampling
frame is available.12 Respondent-driven sampling uses participants' recruitment data and
social network sizes to derive estimates about the target population. The recruitment process
begins with a convenience sample of population members (“seeds”), who use a fixed
number of coupons to recruit members of their social network. Coupons, which contain a
unigue number to manage peer-to-peer recruitment, provide a means for anonymity, making
it especially successful among populations that are stigmatized or practice illegal behaviors.
The objective is to generate long recruitment chains whereby the final sample is not biased
by the initial convenience sample of seeds. Data collected with respondent-driven sampling
methods are adjusted based on each participant's social network size or degree (e.g., the
number of people they know and have seen in the past two weeks who fulfill the study
eligibility criteria) and other covariates.1—3

Currently, many countries estimate population sizes using service and unique object
multiplier methods which require two overlapping sources of data, one of which is
representative of the population being sampled (i.e., an respondent-driven sampling
study).* Specifically, the unique object multiplier method involves distributing a unique,
non-valuable item to population members one week before the initiation of a respondent-
driven sampling study. The service multiplier involves obtaining unique counts of
population members who received a service during a specific time period before the
initiation of a respondent-driven sampling study. During the study, participants are asked if
they received the object or accessed the service during the specific time period. The number
of population members to whom the object was distributed or service provided is divided by
the proportion in the study who reported receiving the object and/or service. Multiplier
methods, used in conjunction with respondent-driven sampling studies, are popular because
they are practical and do not require much additional cost or effort in addition to the study
itself. However, these methods are subject to numerous immeasurable biases (i.e., non-
independence of both data sources resulting in underestimations), require data that may be
unavailable (e.g., services do not have unique counts of clients, especially when no personal
identification is required to receive the service) or unreliable (e.g., services do not have
records specific to the population being sampled), and often provide excessively high or low
estimates.® A new method called Successive Sampling-Population Size Estimation (SS-
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PSE)provides a promising alternative to other methods commonly used to estimate the size
of hard-to-reach populations.® SS-PSE relies only on data already collected in a respondent-
driven sampling study: each participant's degree, recruitment patterns, and date of
enroliment.

This paper uses ten datasets from studies conducted in Morocco between 2010 and 2013 to
develop population size estimates using SS-PSE.%12 These data were collected through the
funding and involvement from all authors of this paper, with the exception of the second and
last authors. We develop a method for imputing each person's visibility in the network and
use this in place of degree, which is typically used in SS-PSE. This builds on the SS-PSE
framework and accounts for typical errata we may observe from self-reported study data.
We compare and evaluate the accuracy of our population size estimates to those found for
the same populations through other unpublished methods. In addition, we suggest questions
useful for eliciting information needed to compute SS-PSE and provide guidelines and
caveats to improve the implementation of SS-PSE for real data.

Selection of studies and eligibility criteria

We use data from ten studies conducted in Morocco (Table 1) using respondent-driven
sampling. All participants were aged 18 years or older and resided in the respective study
location. In addition, eligible people who inject drugs in Nador and Tanger reported
injecting drugs in the past six months; female sex workers in Agadir, Fez, Rabat, and Tanger
were females who exchanged penetrative (vaginal/anal) sex for money or gifts with more
than one male client in the past six months, held Moroccan nationality, and worked in the
respective study location;® men who have sex with other men in Agadir and Marrakesh were
males who had anal sex with a male in the last six months;10 and, francophone and
anglophone migrants in Rabat were persons who originated from sub-Saharan African
countries (e.g., Senegal, Cameroun, Mali, Cote d'lIvoire, Democratic Republic of the Congo,
Guinea, etc. for francophone participants; Nigeria, Gambia, Ghana, Liberia, Sierra Leone,
etc. for anglophone participants), had resided three months or more in Morocco, and spoke
either French or English depending on from which migrant group they originated.11:12

Respondent-driven sampling methods

Each respondent-driven sampling study presented here was conducted with the involvement
of all co-authors with the exception of the second and last author with strict adherence to
methodological requirements. Seeds were identified through local contacts and were well
connected to and trusted by the target population. Other essential considerations included the
use of a quota of no more than three recruitment coupons per participant, incentives for
participation and peer recruitment, collection of each participant's social network size data,
tracking who recruited whom, facilitation of long recruitment chains and consequent
attainment of equilibria for key variables of interest, and inclusion of a design effect of at
least two in the sample size calculation.13 The interviewing methods, questionnaires,
incentives, and specimen collection varied by population. All studies were approved through
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the Faculty of Medicine, Casablanca, Morocco, and fulfilled a consent process before
recruits could enroll.

Population size estimation methods

Eliciting prior information—In addition to data on each participant's degree and
recruitment patterns, prior beliefs about population sizes are needed for the SS-PSE. These
values will not be precise, but are intended to provide a rough idea of what the true
population size value should be. Efforts were made to simulate a real life situation whereby
only a few key persons, with limited time, would have knowledge about each study group's
population size. Questions were developed in a table to elicit information about the mode,
mean, median, first quartile, third quartile, minimum, and maximum of the likely population
size distribution. The table was completed by key personnel (n=4) from UNAIDS and the
Ministry of Health AIDS program, identified by the first author through her involvement
with the studies. Prior information for people who inject drugs was completed by one
resource person working in the country and were similar to those provided by UNAIDS and
Ministry of Health personnel. The specific phrasing of the questions and the instructions
provided to personnel were:

1. What is the most likely population size? (i.e., the number that is more likely to be
correct than any other single number)

2. What is the average population size from all knowledgeable people? (i.e., if you
were to ask all knowledgeable people their guess of the population size, what
would the average of all these numbers be?)

3. What is the value that the population size is just as likely to be above as below?

4. What is the value that the population size has a one chance in four of being less
than? (i.e., if you were to bet that the population size would be less than this
number, you would lose the bet about one time out of four)

5.  What is the value that the population size has a one chance in four of being greater
than? (i.e., if you were to bet that the population size would be higher than this
number, you would lose the bet about one time out of four)

6. What is the lowest the population size could reasonably be? By this we mean the
value that has about one chance in 20 of being less than.

7. What is the highest the population size could reasonably be? By this we mean the
value that has about has one chance in 20 of being greater than.

Additional instructions provided when answering the above questions were: 1) We know
that you do not know exactly what the population size is, so please do not feel like this is a
test; 2) please work among yourselves to complete the table. We do not intend for you to get
other opinions or data; 3) do not use outside information to come up with your estimates of
population sizes (these are your best guesses based on your experience); 4) This exercise is
to make sure we have no extreme numbers (your best guesses are used to avoid numbers that
are unreasonably small or unreasonably large). Results of prior information elicitation are
displayed in Table 2.
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Statistical methodology (SS-PSE)—The SS-PSE assumes that individuals with higher
visibility are more likely to be recruited earlier in the respondent-driven sampling process.8
Thus if there are fewer high reported degrees in later waves, this reflects the depletion of the
members of the population with higher visibility (i.e., the sample represents a substantial
portion of the population). The SS-PSE assumes that visibility and reported degree are
positively associated. However if the reported degrees stay roughly the same across
recruitment waves, the sample size is likely a smaller portion of the population. If the
reported degrees increase notably across waves, this may be an indication that the
respondent-driven sampling recruitment process is not operating as expected and would
merit caution when interpreting the results of various estimators. Thus we leverage
information about the sequential nature of data collection.

SS-PSE uses a Bayesian framework, allowing for the incorporation of information about
prior knowledge and educated approximations of the population size. This allows the
incorporation of expert beliefs or population size estimates from previous sources, such as
enumeration through mapping, network scale-up, multipliers, or capture-recapture, if they
exist. In Bayesian statistics, information about unknowns is expressed through probability
distributions over their possible values. Thus the resulting estimates take the form of a
distribution with properties such as the mean, median, and probability intervals, rather than a
point estimate and confidence intervals. In SS-PSE, we estimate the posterior distribution
for the population size N given our prior belief about the population size and observed data.
These data include individuals' degrees and the order in which they were sampled.

We follow the Gile successive sampling estimator which assumes that sampling proceeds
according to a successive sampling procedure in which each subsequent sample is selected
from among the remaining units with probability proportional to size.14 This is the
likelihood that recruitment occurs in the order in which we observe it, given our
understanding of the network structure. Our understanding of network structure comes from
participant's reported degrees, their recruitment patterns and our prior belief about the
population size. For the respondent-driven sampling context, this condition is satisfied if we
consider network structures sampled from a ‘configuration model’, in which network ties
form completely at random among a population of people with fixed and observable
visibilities. This approach assumes that at any point in time a recruiter is capable of
recruiting any person in the population who has not previously been sampled. In practice
this assumption is likely violated because a person does not know all members of the
population, but it is a standard respondent-driven sampling assumption and a requirement of
the successive sampling estimator.

In this approach, we specify a prior for N, our prior belief about the population size. In this
paper we use the first and third quartiles provided by key personnel in Morocco. This
distribution takes the form of a heavy-right-tailed distribution, with shape and scale
parameters determined by the experts' guesses and feasible values for the maximum degree
and population size.® This allows incorporation of knowledge about the sample proportion
(n/N) as well as previous or concomitant sources of information about the population size.15
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The population unit sizes are treated as independent and identically distributed samples from
a super-population model based on some (unknown) distribution. Thus every person in the
population has a fixed unit size (this is typically equated with their degree, although other
variables could be used instead). We observe a subset n < N of people in the population in
our sample, so n of the N degrees are observed, and the other N — n are unobserved. From
these observed degrees we impute unit size using a model that leverages each person's self-
reported degree and efficacy as a recruiter given their time from enrollment until the end of
the study. We treat these unit sizes as draws from a Conway-Maxwell-Poisson class of
distributions, following Handcock et.al.1®

Additionally, we know the order of observations (i.e., the order in which people are
sampled)based on participants' enroliment date. The specific structure of the recruitment
process is not needed; only the order in which people were sampled.

This formulation of the joint posterior distribution allows for easy computation via a four
component Gibbs sampler to produce a posterior predictive distribution of the population
size.8 Because we have a distribution, we can use a desired measure of center (mean,
median, or mode) as a population size estimate, as well as place this estimate within a
probability interval that gives a likely range of values.

Inference for the visibility distribution—Using an individual's self-reported degree as
their true degree assumes there are no errors or biases in self-reports. However, self-reported
data, including degrees, can be biased for many reasons, including barrier effects and
transmission and recall bias.16:17 There are also many possible discrepancies, such as
extremely large outliers (possibly due to different interpretations of the degree question) and
over- or under-dispersion due to groupings at “round” values (e.g., people report 60 or 70,
but not 63 or 67). Further, using only a person's degree (whether self-reported or true) to
calculate their probability of inclusion in the sample overlooks heterogeneities of the
population. For example, some people may be more geographically isolated and less able to
recruit than others, or people may feel they would face differential levels of social stigma as
a result of recruiting. Thus our focus is on a measure of a person's visibility, rather than their
degree.

We impute this visibility (u;) and use it in place of degree (d;) in the SS-PSE framework to
get population size estimates. Rather than letting u; = d;, we instead impute u; based on d, r;
(the number of eligible recruits each person enrolls in the study, capped at the maximum
number of coupons each recruiter could distribute, usually three), and the time from
enrollment until the end of the study. Thus we leverage another piece of network
information from participants — their efficacy as a recruiter. This accounts for problems both
with self-reports and with using degree instead of visibility. We assume that recruiters make
their best effort to distribute their maximum number of coupons, as has been found in many
respondent-driven sampling studies?, and that these coupons are given to people most likely
to participate. A person who reported a very large degree but was not successful at recruiting
was perhaps overly optimistic about their visibility. Even though they may know many
people in the population, they may be more hidden and thus less accessible for the purpose
of the sample. This approach smooths degree and puts a penalty on an individual's visibility
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if they were unsuccessful at recruiting. Individuals that are likely to be recruited by others
should also be able to recruit. Hence the number of recruits and visibility should be
positively associated. We create a statistical model that captures both of these features, and
use the model to estimate the visibility of each respondent. We refer to this estimate as an
imputation.

An important feature of imputation is that researchers no longer need to specify the
maximum possible degree, as in SS-PSE, because specification errors can have a large
influence on the population size estimates. Additionally, imputation provides an easy
method to handle cases where participants report zero or have missing degree by imputing
their visibility from a starting value of the number of people they recruit plus one (for the
person who recruited them, as long as they are not a seed). The respondent-driven sampling
recruitment structure provides a minimum network size for these people, from which we can
impute their visibility. Imputing visibility and then using the new values within the SS-PSE
framework leads to improved estimates.

Results and Discussion

SS-PSE was implemented for ten datasets in Morocco, covering two populations of people
who inject drugs, four populations of female sex workers, two populations of men who have
sex with other men, and two populations of migrants. The first and third quartiles, as
provided by experts' approximations, were used as prior information. Unit sizes were
inferred using imputed degrees. Table 3 provides the mean, median, mode, and probability
intervals of the posterior distribution for the estimates of the population size N.

We can compare these results from SS-PSE to population size estimates obtained using
other methods. Table 2 compares the means and probability intervals obtained from SS-PSE
to those previously published in the literature®-21 and from multiplier methods. In general,
the SS-PSE values are slightly higher than the multiplier methods, and slightly lower than
the results from the literature. However, sometimes all that is available for comparison are
very broad ranges. Using SS-PSE allows us to more precisely evaluate likely values of the
population size and can be used in triangulation with other population size estimates to
develop more precise estimates.

We had small sample fractions (less than 10%) in eight of the ten datasets. This is not
atypical for respondent-driven sampling data.22 The method seems to slightly underestimate
the population size in these cases, indicative of the fact that there may not be enough
information in the respondent-driven sampling data about degree. This informs a general
principle we would like to posit: Use caution when interpreting SS-PSE results when you
suspect that the sample fraction (n/N) is less than 10%. Smaller sample fractions may
indicate that there is not enough information in the unit size variables to provide informative
estimates. This effect is particularly pronounced when no form of degree imputation is used.

One guideline for SS-PSE is the expectation that at least a good portion of the probability
interval from the posterior distribution will fall within the minimum and maximum provided
a priori by experts. If much of the mass of the posterior distribution falls outside of these
values given by experts, the respondent-driven sampling data and expert values tell a
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different story and further investigation may be warranted. Similarly, we would expect the
mean and median to fall within the first and third quartiles provided by the experts. These
guidelines need not always be true, but warrant further investigation if they are not. This
gives the experts an opportunity to reconcile their prior beliefs to the population size
estimates given the data, and determine whether discrepancies are the result of the sampling
procedure or if their prior beliefs need to be updated.

SS-PSE relies on numerous assumptions, some of which may not always hold in practice. It
is important to assess how deviations from these assumptions may impact the SS-PSE. We
assume that people have observable network sizes, which, for the SS-PSE, are self-reported
degrees.® However, for this analysis we found that some self-reported degrees were invalid
and, therefore, added an innovation by imputing degrees based on inference for self-reported
degree and recruiter efficacy. This new imputation method, in place of reported degrees,
may also be useful in improving prevalence estimates in respondent-driven sampling data.23

The SS estimator, necessary for calculating the SS-SPE, assumes that each recruiter is
capable of recruiting any member of the network who has not yet been recruited, which may
not be true in practice. Rather, we may expect people are capable of recruiting only those in
their personal networks, or, more strictly, from an effective personal network that may be
smaller than the value they report. We might suspect that a level of optimism is present in
personal networks, where people try to think of anyone they know who satisfies the
eligibility criteria, even if they would not be able to recruit them. Using visibility instead of
self-reported degree, as in SS-PSE with imputation, is a way to incorporate the idea of
effective personal network size into our calculations.

When the network structure deviates substantially from the assumed sampling structure, the
method may not be valid. This can occur with highly structured populations, such as
populations with distinct and unconnected sub-group clusters. Respondent-driven sampling
relies on the assumption that, regardless of the initial seeds selected, each person has a non-
zero chance of being included in the sample. However, this assumption may be violated if
small sub-group clusters of people are socially isolated from the rest of the population. As
long as the number of isolated people is relatively small, SS-PSE should produce reliable
estimates. However, if a large number of people are separated from the connected
component of the population, estimates may be unreliable. This can happen when, for
example, a region with two similarly sized but geographically separated cities is sampled. In
this case, we recommend estimating the population size separately for each disjoint
subgroup, and adding the results. Imputation for visibility also helps account for differential
levels of isolation within a population.

When conducting respondent-driven sampling studies, SS-PSE has great potential to
estimate sizes of hard-to-reach populations without the additional data collection burden
required by other methods. However, the guidelines and caveats presented above should be
considered when interpreting the estimates.
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Conclusion

Many countries currently required to estimate the sizes of hard-to-reach populations are
frustrated by the limitations of current methods. Given the importance of obtaining
population sizes that are as accurate as possible, novel methods are desperately needed. SS-
PSE is a promising new method that leverages respondent-driven sampling study data about
respondents' degree to make population size estimates that do not depend on a second data
source. Other common methods, such as multiplier and capture-recapture methods, require
secondary data sources, which can be unreliable, unavailable and costly to collect.

Using ten datasets from Morocco, we explored SS-PSE by simulating a real world situation
to gather prior population size estimates from people working with these populations. Where
study and elicitation procedures are similar to those presented here, it is feasible that this
method will work well in other settings. In addition, we advanced SS-PSE accuracy by
developing an imputation method that uses the concept of visibility in place of self-reported
degree. Finally, we provide general guidelines and caveats to help researchers using SS-
PSE. The SS-PSE does not perform well in all scenarios, so it is essential to understand
when it is appropriate to implement, and how to discern cases where performance may be
poor.

All code for SS-PSE is available through the R programming language (R Core Team, 2012)
and are provided for easy use through the open-source software RDS Analyst found at
www.hpmrg.org.24
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