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Abstract

Estimating the number of people in hidden populations is needed for public health re-

search, yet available methods produce highly variable and uncertain results. The

Anchored Multiplier calculator uses a Bayesian framework to synthesize multiple popula-

tion size estimates to generate a consensus estimate. Users submit point estimates and

lower/upper bounds which are converted to beta probability distributions and combined

to form a single posterior probability distribution. The Anchored Multiplier calculator is

available as a web browser-based application. The software allows for unlimited empiri-

cal population size estimates to be submitted and combined according to Bayes

Theorem to form a single estimate. The software returns output as a forest plot (to visu-

ally compare data inputs and the final Anchored Multiplier estimate) and a table that dis-

plays results as population percentages and counts. The web application ‘Anchored

Multiplier Calculator’ is free software and is available at [http://globalhealthsciences.ucsf.

edu/resources/tools] or directly at [http://anchoredmultiplier.ucsf.edu/].
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Introduction

Estimating the size of the population at risk has become an

explicit aim of studies investigating HIV infection among

hidden and hard-to-reach ‘key populations’ (e.g. men who

have sex with men, female sex workers, people who inject

drugs, transgender individuals etc.). International aid

organizations (including CDC, WHO and UNAIDS) have

made the enumeration of key populations a priority in the

strategic effort to pivot resources to populations in which

the epidemic is concentrated.1 This enumeration, also re-

ferred to as population size estimation (PSE), serves to pro-

vide the denominator to calculate the burden of disease, to

advocate for resources for marginalized populations and to

help set priorities among populations at risk for HIV.
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Numerous methods are available to epidemiologists

and public health practitioners to directly count or indi-

rectly estimate the size of the population at risk.2,3 These

methods vary in how data are leveraged to estimate the

population size: from mapping known venues where risk

behaviour occurs (mapping and enumeration, Reverse

Tracking Method),4 to assessing the overlap of selected

lists of the target population and noting the frequency with

which unique individuals appear on multiple lists (capture-

recapture)5–7 and to crowd-sourcing opinions of the

population size from a sample of the target population it-

self (wisdom of the crowd).8–10 A frequently implemented

method is the multiplier method,11 a variant of capture-

recapture, where the number of people who appear on a

programmatic list that serves the population is divided

by the proportion of a representative sample who report

participating in that programme. Surprisingly, multiple

population size estimates calculated from the multiplier

method (i.e. different service provider lists are used as

counts in the numerator) are often inconsistent with each

other; their point estimates differ and corresponding confi-

dence intervals do not overlap.2

Calculating multiple size estimates using different

methods may suggest a range of possible size estimates or

may bolster confidence in an estimate when there is agree-

ment across the different approaches. Ultimately, however,

a single most likely or ‘best estimate’ is needed for pro-

gramme planning and quantifying the burden of disease.

Investigators often combine population size estimates by

taking the median of point estimates, along with the

median of upper and lower bounds.8–12 This approach is

believed to balance biases from individual PSE methods

that may be operating in different directions. However,

this approach assumes that all methods, and the resulting

estimates, are equally biased (or equally valid). Combining

multiple and often disparate estimates is also done in

stakeholder meetings, where persons familiar with the pop-

ulation arrive at a consensus guided by prior knowledge

and examination of locally generated estimates.8–10 The

question arises as to how to arrive at a best estimate that

makes use of all sources without being dependent on sub-

jective decisions about some estimates or giving unrealistic

weight to others.

We recently developed a new method, the Anchored

Multiplier, which synthesizes PSEs using a Bayesian model,

which we now offer as a free web browser-based calcula-

tor. Details of the model methodology are described else-

where.13 In brief, prior belief of the population size is

taken from previous studies, estimates from similar popu-

lations or stakeholder input and converted into a beta

probability distribution. Empirical results from PSE meth-

ods (the data) are also converted into beta probability

distributions. Using Bayes Theorem, the prior distribution

is iteratively combined with the probability distribution for

the data to generate a single posterior probability distribu-

tion of the population size. This posterior distribution is

generated using Markov Chain Monte Carlo (MCMC)

simulation. For the MCMC simulations we specified three

chains, each with 5000 iterations and burn-in period of

2500. From the posterior distribution, we take the mean as

the best estimate and the 2.5th percentile and 97.5th per-

centile as the 95% credible interval. Because the entire

probability distribution of population size estimates has

been generated, the 95% credible interval has a simple and

intuitive interpretation; that is, there is 95% probability

that the population size lies between the 2.5th percentile

and the 97.5th percentile. In this software application pro-

file, we present the Anchored Multiplier calculator as an

application where investigators enter results from their

PSE studies and generate a final consensus estimate.

Implementation

The Anchored Multiplier calculator is implemented as a

free web browser-based application, accessible at [http://

globalhealthsciences.ucsf.edu/resources/tools] and directly

at [http://anchoredmultiplier.ucsf.edu/]. For optimal per-

formance, we recommend that users access the calculator

with Google Chrome. The software is written in Python,

adapted from previous R programming that incorporated

the rjags, R2jags and forestplot packages. A user-friendly

feature of the Anchored Multiplier calculator is the ability

of the user to enter size estimates (Figure 1, Panel A and

Panel B) (point estimate, lower bound estimate and upper

bound estimate), as either a count or a percentage of the

general population. Using a loop, the calculator will fit the

data inputs to a beta distribution, finding the best beta dis-

tribution shape parameters that reflect the PSE values and

the certainty associated with the estimate (indicated by the

spread of the distribution). The final beta distribution that

is fitted to the data input is guaranteed to have at least

70% of the probability mass of the distribution contained

within the lower and upper bounds. The beta distribution

that is fitted to the data is then combined with the prior

distribution in order to generate the posterior probability

distribution. We decided to fit PSE values, as population

proportions, to beta distributions because these probability

distributions are flexible and mathematically convenient

for quantities constrained to lie between 0 and 1.14

Example: calculating the number of female sex workers

in Tehran, Iran, from multiple empirical point estimates

from different methods

To demonstrate the features of the Anchored Multiplier

calculator, we draw from the example of female sex
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Figure 1. Panel A. Data input page for Anchored Multiplier calculator, entering the general population size and the prior information (example of

female sex worker population size estimation in Tehran, Iran). Panel B. Data input page for Anchored Multiplier calculator, entering the empirical

population size estimation fields (example of female sex worker population size estimation in Tehran, Iran) Panel C. Data output page for Anchored

Multiplier calculator, forest plot of data input and results (example of female sex worker population size estimation in Tehran, Iran). Panel D. Data out-

put page for Anchored Multiplier calculator, table of results and data input (example of female sex worker population size estimation in Tehran, Iran).
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workers (FSW) in Tehran, Iran. In 2015, in collaboration

with Kerman Knowledge Hub and CDC-Iran, we imple-

mented a survey in 13 cities in Iran to assess the prevalence

of HIV infection and associated risk factors among FSW.

Two PSE methods, the wisdom of the crowd (WOTC) and

the multiplier method, were integrated into this survey. In

a previous general population survey, the network scale-up

method (NSUM) was implemented.15,16 The NSUM meas-

ures the characteristics of the social networks of a repre-

sentative sample of the general population and

extrapolates these characteristics to calculate population

prevalence. For example, if on average 10% of the sam-

ple’s social network are teachers, then it would be esti-

mated that 10% of the population are teachers. The

median of the estimates from all three PSE methods was

taken as the final size estimate for each survey site. Details

of the study design and main outcomes are reported else-

where.17 The present example uses size estimates of FSW

in Tehran, the largest city and capital of Iran.

To implement the Anchored Multiplier calculator, users

must first input the size of the general population, from

which the target population is a subset. For FSW, the gen-

eral population size will be the number of adult women

(15–49 years old) in the study site. The general population

size is required so that size estimates from PSE methods

can be converted to population proportions, and so that fi-

nal estimates from the Anchored Multiplier can be pre-

sented as both population percentages and as population

counts. We used 2 581 019 as the size of the adult female

population in Tehran (Figure 1, Panel A).18

Next, the user must specify a ‘prior’ estimate for the

population size of the target population. Priors are central

to the Bayesian paradigm. Priors quantify knowledge or

belief in the value of the parameter of interest (in this case,

the population size) and the degree of certainty of that

prior knowledge, operationalized by the width of the inter-

val between the lower and upper bounds (the narrower the

interval, the stronger the belief in the estimate, and vice

versa).19,20 Selecting an appropriate prior is a frequently

debated topic for Bayesian analyses.19,21 Generally, priors

reflect information from previous studies or reviews. For

population size estimation, the prior will often come from

previous PSE studies, where size estimates (and a plausible

range) are reported for similar populations from neigh-

bouring geographical settings. Therefore, researchers

should look to the published scientific literature as well as

the grey literature as sources to define the prior. Priors may

also be estimated from consultation with stakeholders—

community members and service providers who work with

and have knowledge of the target population. If the user

wishes to rely heavily on the empirical PSE results, or has

very little prior knowledge to specify, a uniform prior may

be specified. When specifying a uniform prior, the user

simply checks the box next to ‘Uniform’ and inputs the

plausible range of population size estimates, providing a

value for the lower bound and for the upper bound. The

uniform prior will then assign equal weight to the range of

values spanning the user-defined lower and upper bounds.

Whether using an informative prior (with a point estimate

and bounds) or a less informative uniform prior, the prior

should represent information apart from the data that are

the source of the empirical size estimates.19 It is common

to vary the prior in order to test the sensitivity of the poste-

rior distribution to the choice of priors.13,19 This practice,

along with the general use of priors, adds to the transpar-

ency in Bayesian analysis, as a priori belief must be quanti-

fied and justified. For FSW in Tehran we used 1.54%

(1.36–1.71%) as the prior, taken from the NSUM estimate

for Tehran which was calculated before the 2015 FSW sur-

vey (Figure 1, Panel A). Both the prior and the data (PSE)

fields can be entered as either counts or percentages of the

population.

After specifying the general population size and the prior,

the user then enters empirical results from PSE methods. At

a minimum, the prior and at least one PSE needs to be en-

tered to calculate the Anchored Multiplier. Additional PSE

inputs may be entered by clicking the ‘ADD SIZE

ESTIMATE’ button (shown at the bottom of Figure 1, Panel

A and Panel B). There is no limit to the number of empirical

size estimates that the user can provide.

Drawing upon the random effects meta-regression liter-

ature to incorporate additional uncertainty into the calcu-

lation, the software also calculates a Variance Adjusted

Anchored Multiplier estimate.14 The variance of true

effects/size estimates (the parameter, or estimand, s2) is es-

timated and added to the variance of each individual size

estimate, effectively increasing the width of the final 95%

credible interval. The variance adjusted estimate will only

be calculated when at least two empirical size estimates are

provided and when the estimate for s2 is positive, indicat-

ing heterogeneity in size estimates that must be accounted

for by the calculator. If the estimate for s2 is negative, the

value will be set to zero, consistent with the meta-

regression literature, and only the Anchored Multiplier es-

timate will be calculated. Of note, whereas the estimand

s2, cannot be negative because it is a variance component,

the estimate of s2 can be negative.14

After the user completes all the input fields and submits

the data, the program will calculate the Anchored

Multiplier estimate and (if there is evidence of heterogene-

ity in size estimates as indicated by a positive value for s2)

the Variance Adjusted Anchored Multiplier estimate

(Figure 1, Panel C and Panel D). The program generates a

forest plot that summarizes the range of estimates provided
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by the prior and empirical PSE results, along with estimates

from the Anchored Multiplier and Variance Adjusted

Anchored Multiplier. Additionally a table is generated,

summarizing the data inputs, the beta distribution parame-

ters calculated for each data input and the Anchored

Multiplier estimates (as both population percentages and

population counts). Both the forest plot and the tables can

be exported as .PNG files and .CSV files, respectively. The

input data for the Anchored Multiplier calculator is not

stored on the website.

After entering the prior and all size estimates from the

survey of FSW in Tehran, we estimated by the Variance

Adjusted Anchored Multiplier method that FSW make up

1.54% of the adult female population in Tehran (95%

credible interval: 1.37–1.72). This estimate closely matches

the NSUM estimate, due to the narrowness of the prior’s

95% confidence interval relative to the width of the

remaining data estimates. As a comparison, in a separate

analysis we replaced the prior with a less informative uni-

form prior covering the range of NSUM estimates for the

13 cities in Iran (0.14–2.44%; lower and upper bounds of

the uniform prior). With all other data input the same, we

calculated the Variance Adjusted Anchored Multiplier esti-

mate to be 1.71% (95% CI: 1.0–2.59%).

Discussion

The Anchored Multiplier calculator implements a Bayesian

model to synthesize population size information from mul-

tiple data sources, including prior knowledge, thus recon-

ciling potentially discrepant estimates to arrive at a single

consensus estimate. Although the Bayesian model and the

software were originally designed to reconcile discrepant

size estimates from multiple implementations of the multi-

plier method (hence the name, Anchored Multiplier), this

approach can also be used to synthesize size estimates from

diverse methods.

In practice, researchers and public health programme

implementers often aggregate multiple population size

methods, using the median of all point estimates and their

corresponding lower and upper bounds.10,12 The rationale

behind this approach is that taking the median of all esti-

mates will wash out biases influencing any particular

method. However, the implicit assumption is also that all

estimates are equally biased (or equally valid), and that

they should all be weighted equally when contributing to

the final estimate. Our model, in contrast, acknowledges

the variation in the degree of certainty around estimates,

giving more weight to estimates with narrower intervals.

This approach is also distinct from taking a weighted mean

where estimates that have wide intervals, and are therefore

down-weighted, result in ‘pulling’ the final estimate

towards zero. Estimates that are down-weighted by the

Anchored Multiplier calculator do not pull the final esti-

mate closer to zero. Instead, the posterior distribution is

influenced more by the prior distribution. Therefore, when

estimates with wide intervals are incorporated into the

model, the posterior distribution remains anchored by the

prior distribution (as illustrated by the example given in

this paper).

As previously discussed, a notable feature of the

Anchored Multiplier calculator is that the beta distribu-

tions estimated for each size estimate are guaranteed to

have at least 70% of the probability mass contained within

the lower and upper bounds of the size estimate. If the calcu-

lator is unable to fit a beta distribution with this property

after 25 iterations of the loop, an error message will indicate

which size estimate cannot be fitted to a beta distribution.

Depending on the number of size estimates entered, this

process should not take longer than 1 min. In the event that

the calculator cannot fit a beta distribution to the data, users

should re-assess the size estimate in question and how the

bounds were originally estimated. Some PSE methods do

not calculate lower and upper bounds using traditional

formulas for confidence intervals or using percentiles of a

probability distribution, possibly resulting in an error when

fitting to a beta distribution.2 If the error persists, users may

opt to delete the problematic PSE input and continue the

Bayesian synthesis without that size estimate.

Size estimates for the population at risk are fundamen-

tal to epidemiology and public health. Common practice in

the field recommends implementing multiple PSE methods,

as any one particular method may be biased in unpredict-

able ways.2 The Anchored Multiplier is a novel approach

to synthesize and reconcile multiple estimates, while also

allowing for the incorporation of local knowledge. We de-

veloped the Anchored Multiplier calculator as a freely

available, user-friendly software tool that may be easily

adopted by ministries of health, public health departments

and public health researchers.
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