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OBJECTIVES: The capture-recapture method was applied to estimate the number of human immunodeficiency virus (HIV)-
positive individuals not registered with any data sources.

METHODS: This cross-sectional study was conducted in Lorestan Province, in the west of Iran, in 2016. Three incomplete
sources of HIV-positive individuals, with partially overlapping data, were used, including: (a) transfusion center, (b) volunteer
counseling and testing centers (VCTCs), and (c) prison. The 3-source capture-recapture method, using a log-linear model, was
applied for data analysis. The Akaike information criterion and the Bayesian information criterion were used for model selection.

RESULTS: Of the 2,456 HIV-positive patients registered in these 3 data sources, 1,175 (47.8%) were identified in transfusion
center, 867 (35.3%) in VCTCs, and 414 (16.8%) in prison. After the exclusion of duplicate entries, 2,281 HIV-positive patients
remained. Based on the capture-recapture method, 14,868 (95% confidence interval, 9,923 to 23,427) HIV-positive individuals
were not identified in any of the registries. Therefore, the real number of HIV-positive individuals was estimated to be 17,149, and
the overall completeness of the 3 registries was estimated to be around 13.3%.

CONCLUSIONS: Based on capture-recapture estimates, a huge number of HIV-positive individuals are not registered with any
of the provincial data sources. This is an urgent message for policymakers who plan and provide health care services for HIV-pos-
itive patients. Although the capture-recapture method is a useful statistical approach for estimating unknown populations, due
to the assumptions and limitations of the method, the population size may be overestimated as it seems possible in our results.
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INTRODUCTION

Measuring and understanding the size of the human immuno-
deficiency virus (HIV)-positive population is a critical public health
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challenge. Estimates of population size are required to help make
decisions about how resources should be efficiently allocated to
the planning and management of programs targeting HIV. With-
out an accurate estimate of the magnitude of the HIV-positive
population, it is impossible for countries to plan and implement
HIV prevention, care, and treatment programs [1].

Several methods have been suggested for estimating hard-to-
count populations, including the network scale-up method [2],
the census and enumeration method [3], and the capture-recap-
ture method [4]. The capture-recapture method is widely used in
ecology to estimate the unknown size of populations of wild ani-
mals [5]. However, the capture-recapture method can be applied
to any situation with 2 or even more incomplete lists [6]. This meth-
od has been recently used in epidemiologic studies for estimating
hidden populations with a particular disease and assessing the
completeness of ascertainment of disease registers [7-10].
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The purpose of this study was to estimate the number of HIV-
positive individuals to facilitate planning about the provision of
health services for this population. Until reliable information about
the size of the HIV-positive population is available, it is difficult to
design effective measures and to provide health care services to
this population. Therefore, this study was conducted to estimate
the size of the population living with HIV/acquired immunodefi-
ciency syndrome (AIDS) who are neither diagnosed nor regis-
tered with any of the available data sources.

MATERIALS AND METHODS

This registry-based cross-sectional study was conducted in Lor-
estan Province, in the west of the Islamic Republic of Iran (hereaf-
ter Iran), in 2016. The Ethics Committee of Hamadan University
of Medical Sciences approved the study. Data on HIV-positive pa-
tients were extracted from the HIV database of the provincial
health center (PHC). HIV-positive patients were identified by 2
sequential enzyme-linked immunosorbent assay tests positive for
HIV antibodies, followed and confirmed by a western blot test. In
Iran, PHCs are primarily responsible for registering and following
patients with HIV/AIDS. The data on HIV/AIDS were reported
to the PHC database from (a) transfusion center, (b) volunteer
counseling and testing centers (VCTCs) affiliated with district
health centers, and (c) prison. In Iran, blood transfusion center are
parts of the national health system. Blood donation is voluntary,
without payment. The costs of the collection, preparation, preser-
vation, and distribution of blood and its components are support-
ed by the government. All donated blood is tested for blood-
borne diseases, including HIV [11]. VCTCs provide consulting
and educational services to intravenous drug users (IDUs) in or-
der to improve their knowledge of high-risk behaviors and harm
reduction methods. Moreover, these centers provide diagnostic
tests for IDUs, including testing for HIV, and refer individuals sus-
pected to have HIV to specialized medical centers for medical
care. Prisoners with a history of high-risk behaviors, such as IDUs
and sex workers, are voluntarily tested for blood-borne infections,
including HIV. Some HIV-positive patients were identified and
registered in more than 1 data source. Nonetheless, none of these
data sources had a complete list of HIV-positive individuals. We
used the 3-source capture-recapture method to obtain a statistical
estimate of the approximate number of HIV-positive individuals
not identified by these data sources.

In order to perform a 3-source capture-recapture analysis, the
lists of HIV-positive patients recorded in these 3 data sources were
extracted and compared with each other to specify the common
names listed in more than 1 data source. When an HIV-positive
patient’s national identification code was not recorded in the data
source, we used the patient’s demographic characteristics for com-
parison, including first name, second name, age, marital status,
and residential area. We then arranged the data as shown in Fig-
ure 1.

In epidemiology, the capture-recapture approach attempts to
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Figure 1. Distribution of the human immunodeficiency virus-positive
patients across 3 data sources: transfusion center, volunteer coun-
seling and testing centers (VCTCs), and prison. X, unregistered.

estimate or adjust for the extent of incomplete ascertainment us-
ing information from overlapping lists of cases from different sour-
ces. This method provides an estimation of the affected popula-
tion, and is particularly useful when the investigator has clearly
incomplete data available from 2 or more sources [7]. In this study,
we used the 3-source capture-recapture approach, including the 3
incomplete data sources of HIV-positive patients. The 3-source cap-
ture-recapture approach included the following 8 possible models:

(1) The number of HIV-positive patients identified by transfu-
sion center only (A); (2) The number of HIV-positive patients iden-
tified by VCTCs only (B); (3) The number of HIV-positive pati-
ents identified by prison only (C); (4) The number of HIV-positive
patients identified by A and B but not by C (AB); (5) The number
of HIV-positive patients identified by A and C but not by B (AC);
(6) The number of HIV-positive patients identified by B and C
but not by A (BC); (7) The number of HIV-positive patients iden-
tified by all 3 sources (ABC); and (8) The number of HIV-positive
patients identified by none of the three sources (X).

We applied the Poisson regression, or log-linear model, to ac-
commodate the 3 sources of data, to explore the dependence among
sources, and to adjust for dependence by including interaction
terms in the model. For this purpose, we prepared a dataset with 4
variables, including: (a) variable A, with values of 0 or 1, which
described belonging to list A; (b) variable B, with values of 0 or 1,
which described belonging to list B; (c) variable C, with values of
0 or 1, that described belonging to list C; and (d) freq, which was a
non-negative variable describing the frequency of observations in
the combination of lists given by variables A, B, and C. The un-
known frequency of cases occurring in none of the lists was con-
sidered to be missing. Based on the above available information,
the missing value was estimated by the Poisson regression model.

We modeled dependence by using interaction terms. The ab-
sence of any third-order interaction (ABC=0) is the basic assump-
tion of the capture-recapture model [4]. By accommodating the 3
sources of data as described above, the log-linear model can esti-
mate the number of HIV-positive patients not identified by any of
the three centers (X), and thus the total population of HIV-posi-
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tive patients (NN).

We applied two different information criteria for model selec-
tion, including the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC) [12]. The AIC was calculat-
ed as follows:

positive individuals was estimated to be 17,149 (95% CI, 12,204
to 25,708).
The completeness of identifying HIV-positive patients by the 3

Table 1. The distribution of the demographic characteristics of the
HIV-positive patients registered with the 3 data sources

AIC=G*-[2x (/) E——— 1)

In equation (1), G’ is the likelihood ratio statistic associated Transfu- VCTCs Prison
with the fit of any model to the data and df denotes the degrees of Characteristics sion center (n=867) (n=414)
freedom of the model. The model with the smallest AIC value (=517
was selected. The second criterion, BIC, which is usually preferred ~ Sex
to the AIC in some applications, was calculated as follows: Male 1,143 (97.3) 688 (79.3) 402(97.1)

BIC = G*-[In(NobS/270)] X (df) e ©) Female 32(27) 179.(20.7) 12(29)

In equation (2), G* and df are defined as above, and In(Nobs) is ~ Age (yr)
the natural logarithm of the number of parameters in the model. <30 165 (14.0) 112(12.9) 99(23.9)
As above, the model with the smallest BIC value was selected. 30-44 624 (53.1) 430 (49.6) 180 (43.5)

All analyses were performed at the 0.05 significance level using 45-59 383 (32.6) 319(36.8) 33(32.1)
Stata version 14.0 (StataCorp., College Station, TX, USA). >60 3(0.3) 6(0.7) 2(0.5)

Marital status
RESULTS Married 286 (24.4) 298 (34.4) 212(51.2)
Single 698 (59.4) 205 (23.6) 79(19.1)

Of the 2,456 HIV-positive patients registered in the 3 data sourc- Divorced 99 (8.4) 238(27.5) 89 (21.5)
es, 1,175 (47.8%) were identified by transfusion center, 867 (35.3%) Widowed 92(7.8) 126 (14.5) 34(8.2)
by VCTCs, and 414 (16.8%) by prison. After duplicate entries  Residential area
were excluded, 2,281 HIV-positive patients remained. The char- Urban 1,167 (99.3) 841 (97.0) 398(96.1)
acteristics of the study population by sources of data are given in Rural 8(0.7) 26(3.0) 16 (3.9)
Table 1. Most HIV-positive patients were single men aged 30-44 ~ Occupational status
years. Most of the patients lived in urban areas and were unem- Employee 7(0.6) 16 (1.9) 100.2)
ployed. Injection drug use was the most common route of HIV Self-employed 480 (40.9) 227 (26.2) 68 (16.5)
transmission. Unemployed 688 (58.5) 624 (71.9) 345(83.3)

The results of the capture-recapture method are shown in Table ~ Transmission
2. The p-values indicate that there were significant differences be- Injection 789 (67.1) 622 (71.7) 298 (72.0)
tween the saturated model (the eighth model) and all other re- Sexual 164 (14.0) 121 (14.0) 65 (15.7)
duced models. The fifth model (ABC AB BC) was the best-fitting Vertical 0(0.0) 3(1.5) 1(0.2)
model, with the smallest AIC and BIC values. According to these Others 222(18.9) 111(12.8) 50(12.1)

results, it was estimated that about 14,868 (95% confidence interval
[CI], 9,923 to 23,427) HIV-positive individuals were not identified
by any of the data sources. Accordingly, the real number of HIV-

Values are presented as number (%).
HIV, human immunodeficiency virus; VCTCs, volunteer counseling and
testing centers.

Table 2. Log-linear models fitted to the 3 lists of HIV-positive patients registered in the 3 data sources and the estimated number of unreg-

istered HIV-positive individuals

. . ()

Model K df LOE el e AIC BIC p-value X % d

ood Upper Lower
ABC 3 3 52034 57.82 51.82 5198 0.001 8,140 6,887 9,668
ABC AB 4 2 28082 992 592 6.02 001 11,511 9362 14,204
ABC AC 4 2 47668 4909 45.09 45.19 0.001 6,269 4978 7,964
ABCBC 4 2 -50.395 54.54 50.54 50.65 0.001 7,470 6,192 9,068
ABC AB BC 5 1 27.054 786 586 591 001 14,868 9023 23427
ABC ABAC 5 1 28012 978 778 783 0001 11,841 9205 15477
ABC AC BC 5 1 38782 3131 2931 2937 0.001 4010 3,020 5,408
ABC AB BC AC 6 0 -23125 0.00 000 0.00 100 39641 18145 84600

HIV, human immunodeficiency virus; K, number of parameters; df, degree of freedom; G2, deviance; AIC, Akaike information criterion; BIC, Bayesian
information criterion; X, unregistered; Cl, confidence interval.
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Table 3. Completeness of the detection of HIV-positive individuals
using the 3 registers

Completeness

Registry (95% Cl, %)
Transfusion center 1,175 6.9 (4.6,9.6)
VCTCs 867 5.1(34,7.1)
Prisons 414 24(1.6,3.4)
Total, excluding duplicates’ 2,281 13.3(8.9,18.7)

HIV, human immunodeficiency virus; Cl, confidence interval; VCTCs, vol-
unteer counseling and testing centers.

'Considering an estimated number of unregistered HIV-positive indi-
viduals of 14,868, and a total estimated number of HIV-positive patients
after excluding duplicates of 17,149 (95% Cl, 12,204 to 25,708).

sources of data is shown in Table 3. Based on these findings, the
completeness of the transfusion center, VCTCs, and prison was
6.9, 5.1, and 2.4%, respectively. Although, the completeness of the
3 sources of data was very low, the data from the transfusion cent-
er were more complete than the other sources.

DISCUSSION

Estimating the number of HIV-positive individuals is essential
for planning and providing health care services to this population.
According to our estimation based on the capture-recapture meth-
od, many HIV-positive patients have not been identified and reg-
istered in any of the available sources of data. Some of these indi-
viduals may be unaware of their status and may play a role as a
source of transmission of HIV among the population. This is a
critical public health problem that requires special attention.

The completeness of these 3 sources of data was low. In addi-
tion, the proportion of overlapping information in the 3 sources
was relatively low. Overlapping information plays an important
role in estimating the missing population. Indeed, sufficiently high
overlapping information is needed to produce a reliable estimate
of the number of missing cases [4]. A relatively low overlap frac-
tion is associated with a large number of singletons. In such cases,
the missing population cannot be measured accurately due to in-
sufficient overlap. Consequently, a large standard error is usually
associated with the estimator in the equation [13]. Coull & Agresti
[14] showed that the likelihood functions under some random ef-
fect models for low-overlap information might become flat, and
that the estimated results based on equivalent log-linear models
are likely to become unstable. This issue may explain the large stand-
ard error—and, hence, the wide CI—of the estimated number of
unregistered HIV-positive individuals.

The p-values demonstrated a significant difference between the
saturated and the reduced models. We applied the AIC and BIC
to choose the best-fitting model. However, care must be taken
when using AIC and BIC values for model selection. These crite-
ria do not provide a test of a model in comparison with a null hy-
pothesis. That means the AIC and BIC values say nothing about
how well a model fits the data in an absolute sense. Therefore, if all
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possible log-linear models fit the data poorly, these values will not
give any warning of the problem [15].

van Leth et al. [16] performed a 2-source capture-recapture
analysis to estimate under-reporting in national databases of tu-
berculosis (TB) and HIV. According to the results of their study,
the under-reporting of TB-HIV coinfection ranged from 50 to
70% in the national TB register. Héraud-Bousquet et al. [17] ap-
plied a 3-source capture-recapture method to estimate the num-
ber of new HIV diagnoses in children in France. They reported
that the completeness of the 3 sources analyzed in their study was
284, 26.1, and 33.3%, respectively. The estimated completeness of
the 3 sources combined was 55.8%. de Lemos et al. [18] estimated
the number of HIV-positive pregnant women in Sergipe, Brazil,
using a 3-source capture-recapture method. They reported that
381 (34.3%) pregnant women were not captured by any of the 3
systems.

The capture-recapture method is categorized into direct (2-sam-
ple) and indirect (multiple-sample) models. Although the direct
model is time-consuming and difficult to implement in many cas-
es, it provides better estimations. In contrast, implementing the
indirect model is relatively simple and easy, but may not always
result in an accurate estimate [19]. Although the indirect capture-
recapture approach is a simple and attractive statistical approach
for estimating the size of unknown and hard-to-reach populations,
the results must be interpreted with caution due to the assump-
tions and limitations of the method. The capture-recapture meth-
od, like any other statistical procedure, has its assumptions and
limitations. An important limitation of this method is that a suffi-
ciently high overlap fraction is required to produce a reliable esti-
mate of the missing population. Otherwise, the likelihood func-
tions may become flat and the resulting estimates based on log-
linear models may become unstable [14], as was the case in our
study. Another critical assumption of the capture-recapture ap-
proach is the independence of the sources of data; otherwise, ei-
ther positively or negatively dependent sources may result in un-
derestimation or overestimation, respectively [5]. However, the
log-linear model is able to handle dependence among sources of
data and adjust for this dependence by including interaction terms
in the model [4]. A critical limitation of the capture-recapture ap-
proach using log-linear models for estimating a missing popula-
tion is that data sources with large sample sizes must satisfy the
assumption of a normal distribution within log-linear models. If
these assumptions are not considered, the estimates may not be
reliable.

In conclusion, this study provided useful information about the
unknown population of HIV-positive individuals based on the
3-source capture-recapture method. According to our findings,
there are many HIV-positive individuals who have neither been
diagnosed nor registered with any of the available sources of data.
They themselves may be unaware of their status. This is a critical
public health problem that should receive special attention from
policymakers who plan and provide health care services for HIV-
positive patients. However, the results of the capture-recapture me-
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thod should be interpreted with caution due to its assumptions
and limitations. These assumptions and limitations may lead to
overestimation of the results as it seems possible in our results.
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