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Abstract

Respondent-driven sampling (RDS) is widely used to sample populations with higher risk of HIV infection for whom
no sampling frames exist. However, few studies have been done to assess the consistency of RDS estimators in real
world settings. We conducted an assessment study on the consistency of RDS estimators using data from the National
HIV Behavioral Surveillance — People Who Inject Drugs surveys in Newark, New Jersey from 2005 to 2018. Population
parameter estimates based on RDS-I, RDS-II, Gile’s SS, and HCG were compared longitudinally and cross-sectionally.
Population homophily statistics and differential recruitment statistics were estimated and compared. Convergence plots
were used for RDS diagnosis. Sensitivity analyses were conducted on population size estimates and seeds biases. By
comparing time-insensitive population parameters and population homophily statistics estimated by four RDS estimators,
the study found that RDS-II and Gile’s SS could provide longitudinally and cross-sectionally consistent estimates and
population homophily statistics on gender and sexual orientation. Cross-sectional comparison of time-sensitive population
parameter estimates also supported the consistency of RDS-II and Gile’s SS. However, RDS-I and HCG did not perform
well in those comparisons. In conclusion, RDS estimators may not address all inconsistencies, but RDS-II and Gile’s SS
are recommended to weight RDS samples given enough consistency was observed in them.

Keywords Consistency - Reproducibility - Injection drug Users - People who Inject Drugs - Respondent-driven
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Introduction (i.e., subpopulations that are difficult to reach or involve in

research or public health programs due to their physical and

Populations with higher risk for HIV infection, including
men who have sex with men (MSM), people who inject
drugs (PWID), and female sex workers (FSWs), are diffi-
cult to be sampled to represent the underlying population,
often because of stigma or legal issues [1-3]. However,
accurate information about these hard-to-reach populations
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geographical location or their social, legal and economic
situations [3]) is necessary for HIV burden estimation,
development of HIV prevention interventions, and relevant
policy making.

Respondent-driven sampling (RDS) was proposed in
1997 as a new sampling method to overcome limitations of
venue-based sampling methods and biases of chain-referral
samples, specifically non-randomness of initial samples and
non-representativeness [4, 5]. RDS starts with a small num-
ber of participants conveniently identified by researchers as
seeds and these seeds are then given coupons to recruit other
peers within their social networks from the same underlying
population [6]. Information of the sample’s successive refer-
ral chain and number of contacts in the priority population
are often collected for RDS estimators to weight samples
to reduce biases [5, 7]. Mathematical theory and simulation
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studies purport that statistically unbiased estimates of popu-
lation characteristics can be calculated in an RDS-recruited
study population with an appropriate RDS estimator [4, 5,
8-10].

However, unbiased estimates stemming from RDS stud-
ies require many important assumptions, which cannot
always be guaranteed in real world settings [7, 11-14].
For instance, widely used RDS estimators like RDS-I (i.e.,
Salganik-Heckathorn estimator or S-H estimator) [9] and
RDS-II (i.e., Volz-Heckathorn estimator or V-H estimator)
[10] require the with-replacement sampling assumption
[12]. RDS-I, RDS-II, and later developed estimators, such
as Gile’s SS (i.e., Gile’s Successive Sampling estimator)
[8] and HCG (i.e., Homophily Configuration Graph esti-
mator), [15] need at least four common assumptions. First,
self-reported network size (i.e., degree, which is the num-
ber of connections an individual has to other peers in a net-
work) is accurate. Second, the probability of an individual’s
enrollment is proportional to the network size. Third, the
recruitment is random. Fourth, recruitment happens over the
recruiter’s direct network ties [13]. Given these assumptions
are easy to be violated, assessing RDS by using empirical
data in real world settings is necessary [16].

One means of assessment is to evaluate the reliability of
naive RDS samples by using repeatedly collected surveys
among the same population in the same location, [17] while
another way is to evaluate the consistency of population
parameter estimates based on different RDS estimators by
using repeatedly collected surveys among the same popula-
tion in the same location [16]. This paper compares popula-
tion parameters estimated by four RDS estimators (RDS-I,
RDS-II, Gile’s SS, and HCG) with five RDS samples from
the National HIV Behavioral Surveillance (NHBS) — PWID
Cycles in the Greater Newark Area of New Jersey (Essex,
Hudson, Union, Sussex, and Morris Counties). The objec-
tive of our analysis is to assess the consistency of population
parameter estimates based on four RDS estimators, spe-
cifically to assess the consistency of population parameter
estimates based on different RDS estimators with the same
sample and the consistency of time-insensitive demographic
estimates (e.g., race/ethnicity, gender, and sexual orienta-
tion) based on the same RDS estimator with repeatedly col-
lected samples.

Methods
Study Population and Data Collection
Eligible PWID in Newark, New Jersey were recruited via

RDS for the National HIV Behavioral Surveillance (NHBS)
survey in five rounds (the year of 2005-2006 as Round 1,
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the year of 2009 as Round 2, the year of 2012 as Round 3,
the year of 2015 as Round 4, and the year of 2018 as Round
5) [18-22]. The methodology for recruiting and survey-
ing PWID in NHBS-PWID Cycles has been published in
detail elsewhere [23]. Briefly, initial “seeds” were chosen by
referrals from people who know the local population well
or through outreach in areas where PWID can be found and
completed the NHBS survey. Eligible seeds who completed
the initial survey were asked to recruit 3—5 additional PWID
they knew. These subsequent recruits who were eligible and
completed the survey were asked to recruit others, until the
sample size was reached [18-22]. Participants were eligi-
ble if they were 18 years old or more, residents of Essex,
Hudson, Union, Sussex or Morris counties in New Jersey;
reported injecting drugs in the past 12 months and had phys-
ical evidence of recent injection or be able to adequately
describe their injection practices; were able to complete the
survey in English or Spanish; and were able to provide con-
sent [23].

Measures

Protocols were similar for all five rounds of NHBS-PWID
surveys included in this study [17]. Eligible participants’
demographic characteristics (age, race/ethnicity, gender,
sexual orientation, education, employment status, and mar-
ital status) and HIV status were included in this analysis.
Age was categorized as 18-29, 30-39, 40-49, 50-59, and
60+. Gender was categorized as female, male, and nonbi-
nary. Sexual orientation was categorized as straight, gay/
lesbian, and bisexual. Education was categorized as grades
8 or less, grades 9 to 10, grades 12/GED, some college/asso-
ciate/technical, and bachelor or more. Employment status
was categorized as unemployed, full-time, part-time, home-
maker, student, retired, disabled to work, and other. Mari-
tal status was categorized as never married, married, living
together as married, separated, divorced, and widowed. In
the latest four rounds (Round 2 to Round 5), individuals
who tested positive by a laboratory confirmed HIV test or
who reported to be positive with valid information of seeing
a doctor for HIV treatment were considered HIV positive;
individuals who tested negative by a rapid HIV antibody
test were considered HIV negative; individuals who had an
unknown result or who had never been tested for HIV were
considered as HIV unknown. Self-reported HIV status was
used as HIV status in Round 1 since an HIV test was not
provided.

Analysis

Data were analyzed in R 4.2.1 GUI (The R Founda-
tion for Statistical Computing, Austria). Specifically, R
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package RDS (Version 0.9-3) was used to estimate popula-
tion parameters of interest with 95% confidence intervals,
to compute population homophily statistics and differential
recruitment statistics, and to create convergence plots for
RDS diagnosis. R package ggplot? (Version 3.4.0) was used
to visualize estimates of population parameters of interest
with 95% confidence intervals. First, population parameters
of interest in five rounds were estimated by four RDS esti-
mators: RDS-I estimator, [9] RDS-II estimator, [10] Gile’s
SS estimator, [8] and HCG estimator [15]. 95% confidence
intervals of population parameter estimates were based on
bootstrap procedure, with the type of uncertainty as RDS-I,
RDS-II, Gile’s SS, and HCG, respectively [7]. These popu-
lation parameter estimates were compared cross-sectionally.
Next, the consistency of time-insensitive demographic esti-
mates (race/ethnicity, gender, and sexual orientation) were
compared longitudinally. The overlap of confidence inter-
vals was used as the criterion of no significant difference
under alpha level set at 0.05.

Population size parameters used in Gile’s SS and HCG
estimating functions were estimated as 10,445 (Round 1),
15,927 (Round 2), 20,223 (Round 3), 23,371 (Round 4), and
30,005 (Round 5). Details can be found in supplementary
documents. Other population size parameters (N=25000,
10000, 20000, 30000, and 40000 respectively) were also
used in Gile’s SS and HCG estimating functions for sen-
sitivity analyses of the robustness of Gile’s SS and HCG
estimates by using main population size parameters. Net-
work size (i.e., degree) was used in RDS estimators, pop-
ulation homophily statistics, and differential recruitment
statistics. It was defined as the number of people who inject
drugs and whom an individual has seen in the past 30 days.
Its value was adjusted as the number of recruits plus one
(recruiter) if it was smaller than the number of recruits plus
one (recruiter) [7, 24]. Missing values of network size were
imputed as RDS-II weighted medians within each level
of race/ethnicity [7, 24]. Population homophily statistics
(homophily is defined as the principle that a contact between
similar people occurs at a higher rate than among dissimilar
people [25]) were estimated as the ratios of the expected
number of discordant couples (e.g., female with male as a
discordant couple) absent homophily to the expected num-
ber of discordant couples with the homophily, with the type
of weight as RDS-I, RDS-II, Gile’s SS, and HCG, respec-
tively [7]. Differential recruitment statistics were calculated
as the ratios of the average degree of one population group
divided by the average degree of those in another popula-
tion group, with the type of weight as RDS-I, RDS-II, and
Gile’s SS, respectively [7]. Convergence plots were used to
determine whether the final RDS estimate was biased by the
initial convenience sample of seeds [12, 26].

Results

Recruitment and Sample Demographics in NHBS-
PWID Cycles

Chain-length characteristics and demographic characteris-
tics of five rounds of NHBS-PWID surveys in the Newark
N1J area were shown in Supplementary Tables 1 and Supple-
mentary Table 2. In summary, similar sample sizes of eli-
gible PWID were recruited in each round, with N as 412,
425,457,394, and 524, respectively. Even though the round
of 2005-2006 had 12 participants who were not designated
by NHBS staff but presented as seeds because of unreported
coupon IDs, which then underestimated the chain length of
the round of 2005-2006, five rounds had relatively enough
length of chain (Median of chain-length: 4, 6, 9, 7, and 8,
respectively) for RDS to reach equilibrium (a state in which
more waves do not provide more unique information to
change the existed sample compositions). Similar distribu-
tions of gender, sexual orientation, and education, but dif-
ferent distributions of age, race/ethnicity, employment, and
marital status, were observed in five rounds.

Comparison of Time-insensitive Population
Parameter Estimates

Race/ethnicity, gender, and sexual orientation are assumed
to be time-insensitive, which means if samples are sampled
from the same population by using RDS, they should have
similar estimate of race/ethnicity, gender, and sexual orien-
tation by using the same RDS estimator [17].

Parameters of gender (female, male, and nonbinary)
and sexual orientation (straight, gay/lesbian, and bisexual)
estimated by RDS-II and Gile’s SS were significantly con-
sistent, both longitudinally from Round 1 to Round 5 and
cross-sectionally between two estimators (See Table 1,
Supplementary Fig. 2.B-C, and Supplementary Fig. 3.B-C).
Specifically, ranges of the proportion of female PWID and
the proportion of straight PWID in five rounds of NHBS-
PWID Cycles were 0.3262-0.4048 and 0.8241-0.9012
respectively if estimated by RDS-II, and 0.3262-0.4043 and
0.8240-0.9007 respectively if estimated by Gile’s SS, with
95% confidence intervals overlapping with each other (See
Fig. 1.B-C).

Unlike RDS-II and Gile’s SS, consistencies of gender
parameters and sexual orientation parameters were not
fully observed in RDS-I and HCG (See Table 1). Param-
eters of gender estimated by RDS-I and parameters of
sexual orientation estimated by HCG were longitudinally
inconsistent (See Supplementary Fig. 2 and Supplemen-
tary Fig. 3). For instance, proportions of female PWID in
Round 2 (P=0.1272; 95% CI: 0.0987, 0.1556) and Round 3
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Table 1 Estimated proportion of time-insensitive demographics using multiple RDS estimators, Newark, NJ, 2005-2018

Sample RDS-I RDS-I1 Gile’s SS HCG
Proportion Proportion Proportion Proportion Proportion
(95% CI)® (95% CI)® (95% CI)® (95% CI)°
Race/Ethnicity
Black Round 1 0.7427 0.6450 0.7431 0.7431 0.7995
(0.5542, 0.7357) (0.6575, 0.8288) (0.6584, 0.8279) (0.7313, 0.8676)
Round 2 0.5294 0.3545 0.5226 0.5228 0.6851
(0.2752, 0.4338) (0.4286, 0.6166) (0.4298, 0.6158) (0.6109, 0.7593)
Round 3 0.2670 0.0555 0.3636 0.3632 0.3945
(0.0312, 0.0798) (0.2723, 0.4549) (0.2717, 0.4547) (0.3062, 0.4829)
Round 4 0.3223 0.1147 0.3839 0.3840 0.4618
(0.0776, 0.1517) (0.2867, 0.4811) (0.2874, 0.4806) (0.3753,0.5483)
Round 5 0.4847 0.2646 0.5423 0.5410 0.6905
(0.2152, 0.3140) (0.4608, 0.6238) (0.4593, 0.6226) (0.6203, 0.7607)
White Round 1 0.0607 0.0769 0.0604 0.0605 0.0491
(0.0453, 0.1085) (0.0280, 0.0928) (0.0285, 0.0925) (0.0215, 0.0766)
Round 2 0.1365 0.2732 0.1233 0.1232 0.0261
(0.1586, 0.3877) (0.0663, 0.1802) (0.0668, 0.1797) (0.0149, 0.0374)
Round 3 0.1816 0.7864 0.1961 0.1955 0.2068
(0.7537, 0.8190) (0.1221, 0.2701) (0.1221, 0.2689) (0.1324, 0.2813)
Round 4 0.2817 0.7958 0.3179 0.3171 0.2614
(0.7460, 0.8456) (0.2378, 0.3980) (0.2378, 0.3964) (0.1896, 0.3332)
Round 5 0.2023 0.6205 0.2074 0.2077 0.0455
(0.5449, 0.6960) (0.1379, 0.2769) (0.1376, 0.2779) (0.0212, 0.0698)
Hispanic Round 1 0.1650 0.2707 0.1492 0.1495 0.1159
(0.1783, 0.3630) (0.0742, 0.2242) (0.0753, 0.2237) (0.0554, 0.1764)
Round 2 0.2988 0.3703 0.3274 0.3272 0.2835
(0.3034, 0.4373) (0.2340, 0.4207) (0.2348, 0.4196) (0.2102, 0.3569)
Round 3 0.5449 0.1581 0.4338 0.4348 0.3903
(0.1244, 0.1918) (0.3486, 0.5190) (0.3501, 0.5195) (0.3111, 0.4696)
Round 4 0.3706 0.0890 0.2668 0.2679 0.2550
(0.0554, 0.1227) (0.1899, 0.3437) (0.1914, 0.3443) (0.1850, 0.3249)
Round 5 0.2901 0.1135 0.2103 0.2108 0.2172
(0.0802, 0.1468) (0.1384, 0.2821) (0.1391, 0.2826) (0.1500, 0.2845)
Other Round 1 0.0316 0.0075 0.0473 0.0468 0.0356
(0.0055, 0.0095) (0.0031, 0.0915) (0.0028, 0.0909) (0.0085, 0.0626)
Round 2 0.0353 0.0020 0.0268 0.0269 0.0052
(0.0014, 0.0026) (0.0145, 0.0390) (0.0148, 0.0389) (0.0033, 0.0072)
Round 3 0.0066 0.0000 0.0065 0.0065 0.0083
(0.0000, 0.0000) (0.0000, 0.0152) (0.0000, 0.0149) (0.0000, 0.0195)
Round 4 0.0254 0.0005 0.0314 0.0310 0.0218
(0.0002, 0.0008) (0.0123, 0.0506) (0.0122, 0.0498) (0.0098, 0.0339)
Round 5 0.0229 0.0015 0.0401 0.0404 0.0468
(0.0009, 0.0020) (0.0204, 0.0598) (0.0210, 0.0598) (0.0254, 0.0682)
Gender
Female Round 1 0.3617 0.1665 0.3770 0.3766 0.3866
(0.1299, 0.2031) (0.2835, 0.4705) (0.2844, 0.4689) (0.2993, 0.4740)
Round 2 0.3365 0.1272 0.3499 0.3497 0.3567
(0.0987, 0.1556) (0.2642, 0.4356) (0.2646, 0.4348) (0.2733, 0.4401)
Round 3 0.3173 0.0956 0.3262 0.3262 0.3305
(0.0741, 0.1171) (0.2393, 0.4130) (0.2397, 0.4128) (0.2454, 0.4156)
Round 4 0.3985 0.2172 0.3722 0.3722 0.3991
(0.1716, 0.2627) (0.2890, 0.4553) (0.2895, 0.4549) (0.3188, 0.4793)
Round 5 0.3950 0.2313 0.4048 0.4043 0.4060

(0.1906, 0.2719)

(0.3238, 0.4858)

(0.3236, 0.4850)

(0.3272, 0.4849)
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Table 1 (continued)

Sample RDS-1 RDS-II Gile’s SS HCG
Proportion Proportion Proportion Proportion Proportion
(95% CI)° (95% CI)° (95% CI)° (95% CI)°
Male Round 1 0.6286 0.8237 0.6078 0.6083 0.6041
(0.7855, 0.8619) (0.5142, 0.7014) (0.5159, 0.7006) (0.5166, 0.6916)
Round 2 0.6588 0.8684 0.6432 0.6434 0.6431
(0.8394, 0.8973) (0.5573, 0.7291) (0.5581, 0.7287) (0.5597, 0.7265)
Round 3 0.6805 0.9029 0.6715 0.6714 0.6694
(0.8812, 0.9247) (0.5846, 0.7583) (0.5848, 0.7580) (0.5843,0.7545)
Round 4 0.5964 0.7720 0.6132 0.6128 0.5985
(0.7257,0.8182) (0.5291, 0.6972) (0.5293, 0.6964) (0.5182,0.6788)
Round 5 0.5973 0.7640 0.5898 0.5902 0.5902
(0.7225, 0.8054) (0.5089, 0.6707) (0.5096, 0.6708) (0.5113, 0.6690)
Nonbinary Round 1 0.0097 0.0099 0.0152 0.0151 0.0093
(0.0016, 0.0181) (0.0019, 0.0285) (0.0023, 0.0279) (0.0000, 0.0221)
Round 2 0.0047 0.0044 0.0069 0.0069 0.0001
(0.0027, 0.0061) (0.0039, 0.0099) (0.0040, 0.0098) (0.0001, 0.0002)
Round 3 0.0022 0.0015 0.0024 0.0024 0.0001
(0.0003, 0.0027) (0.0000, 0.0058) (0.0000, 0.0057) (0.0000, 0.0001)
Round 4 0.0051 0.0109 0.0147 0.0150 0.0024
(0.0000, 0.0301) (0.0083, 0.0211) (0.0087, 0.0213) (0.0017, 0.0032)
Round 5 0.0076 0.0048 0.0054 0.0055 0.0038
(0.0011, 0.0084) (0.0000, 0.0121) (0.0000, 0.0120) (0.0000, 0.0077)
Sexual Orientation®
Straight Round 1 0.8501 0.9894 0.8387 0.8391 0.8161
(0.9870, 0.9919) (0.7676, 0.9099) (0.7690, 0.9092) (0.7460, 0.8862)
Round 2 0.8865 0.9933 0.8822 0.8825 0.1748
(0.9917, 0.9950) (0.8260, 0.9385) (0.8273, 0.9378) (0.0987, 0.2510)
Round 3 0.8750 0.9959 0.9012 0.9007 0.9034
(0.9950, 0.9968) (0.8528, 0.9496) (0.8526, 0.9488) (0.8568, 0.9501)
Round 4 0.8579 0.9935 0.8713 0.8707 0.8873
(0.9920, 0.9951) (0.8149, 0.9277) (0.8148, 0.9265) (0.8339, 0.9407)
Round 5 0.8279 0.9840 0.8241 0.8240 0.8233
(0.9802, 0.9879) (0.7755, 0.8728) (0.7758, 0.8723) (0.7756, 0.8710)
Gay/Lesbian Round 1 0.0418 0.0081 0.0431 0.0430 0.0578
(0.0063, 0.0100) (0.0156, 0.0707) (0.0158, 0.0702) (0.0276, 0.0880)
Round 2 0.0307 0.0058 0.0401 0.0397 0.5688
(0.0044, 0.0073) (0.0189, 0.0613) (0.0190, 0.0604) (0.4828, 0.6548)
Round 3 0.0263 0.0030 0.0245 0.0246 0.0240
(0.0024, 0.0037) (0.0000, 0.0562) (0.0000, 0.0562) (0.0000, 0.0544)
Round 4 0.0228 0.0044 0.0336 0.0337 0.0259
(0.0033, 0.0054) (0.0000, 0.0697) (0.0000, 0.0700) (0.0000, 0.0537)
Round 5 0.0249 0.0120 0.0663 0.0664 0.0664
(0.0087, 0.0153) (0.0425, 0.0901) (0.0425, 0.0902) (0.0439, 0.0890)
Bisexual Round 1 0.1081 0.0024 0.1182 0.1179 0.1261
(0.0019, 0.0030) (0.0507, 0.1857) (0.0514, 0.1844) (0.0601, 0.1921)
Round 2 0.0827 0.0008 0.0777 0.0777 0.2564
(0.0006, 0.0010) (0.0250, 0.1305) (0.0258, 0.1296) (0.1685, 0.3442)
Round 3 0.0987 0.0011 0.0742 0.0747 0.0726
(0.0008, 0.0013) (0.0360, 0.1125) (0.0369, 0.1125) (0.0358, 0.1094)
Round 4 0.1193 0.0021 0.0951 0.0956 0.0869
(0.0016, 0.0026) (0.0501, 0.1401) (0.0513, 0.1399) (0.0399, 0.1338)
Round 5 0.1472 0.0040 0.1096 0.1096 0.1103

(0.0031, 0.0049)

(0.0667, 0.1524)

(0.0673, 0.1519)

(0.0679, 0.1527)

a. Missing observations: n=>5 for Round 1, n=2 for Round 2, n=1 for Round 3, n=1 for Round 5

b. Lower bound of 95% CI with a negative value was trimmed to 0.0000
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A. Race/Ethnicity: Black
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Fig. 1 Estimated proportion of time insensitive characteristics using multiple RDS estimators, Newark, NJ 2005-2018

(P=0.0956;95% CI: 0.0741, 0.1171) were significantly dif-
ferent from those in Round 4 (P=0.2172; 95% CI: 0.1716,
0.2627) and Round 5 (P=0.2313; 95% CI: 0.1906, 0.2719),
if estimated by RDS-I (See Fig. 1.B), while the proportion
of straight PWID in Round 2 (P=0.1748; 95% CI: 0.0987,
0.2510) was significantly different from proportions of
straight PWID in other four rounds (Range of lower bound
of 95% CI: 0.7460-0.8568), if estimated by HCG (See
Fig. 1.C).

Racial disparities were observed in parameters estimated
by four RDS estimators (See Table 1). Specifically, four esti-
mators did not present longitudinally consistent estimates
of race/ethnicity (See Supplementary Fig. 1). For example,
proportions of Black PWID estimated by RDS-I, RDS-II,
Gile’s SS, and HCG in Round 1 were 0.6450 (95% CI:
0.5542, 0.7357), 0.7431 (95% CI: 0.6575, 0.8288), 0.7431
(95% CI: 0.6584, 0.8279), and 0.7995 (95% CI: 0.7313,
0.8676) respectively, which were significantly different
from those proportions in Round 3 (Upper bound of 95%
CI: 0.0798, 0.4549, 0.4547, and 0.4829 respectively) and
Round 4 (Upper bound of 95% CI: 0.1517, 0.4811, 0.4806,
and 0.5483 respectively; See Fig. 1.A). However, RDS-II
(Range of proportion of Black PWID: 0.3636-0.7431) and
Gile’s SS (Range of proportion of Black PWID: 0.3632—
0.7431) reduced differences of proportions of race/ethnicity
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in five rounds (Range of sample proportion of Black PWID:
0.2670-0.7427).

Population homophily statistics and differential recruit-
ment statistics were presented in Table 2. Population
homophily statistics of gender and sexual orientation esti-
mated by RDS-I1 and Gile’s SS were relatively similar in five
rounds (Range of population homophily statistics of nonbi-
nary PWID: 0.9457-1.5342 for RDS-II and 0.9561-1.5166
for Gile’s SS; Range of population homophily statistics of
bisexual PWID: 0.9132-1.1294 for RDS-II and 0.9140-
1.1331 for Gile’s SS), while those statistics estimated
by RDS-I and HCG were different (Range of population
homophily statistics of nonbinary PWID: 0.6388—1.1627 for
RDS-I and 0.1353-1.1020 for HCG; Range of population
homophily statistics of bisexual PWID: 0.8020-1.2533 for
RDS-I and 0.6590-1.1245 for HCG). However, four RDS
estimators gave substantially different population homoph-
ily statistics of race/ethnicity in five rounds (Range of popu-
lation homophily statistics of Black PWID: 1.3887-3.1280
for RDS-I, 1.4658-2.4335 for RDS-II, 1.4614-2.4592 for
Gile’s SS, and 1.6246-2.4728 for HCG). Additionally, the
recruitment patterns (i.e., average degrees) between Black
PWID and Non-Black PWID and between Straight PWID
and Non-Straight PWID in each round were also different,
regardless of RDS estimator type.
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Table 2 Population homophily and differential recruitment statistics using multiple RDS estimators, Newark, NJ, 2005-2018

RDS-T* RDS-IT? Gile’s SS* HCG?
Population Homophily
Race/Ethnicity
Black Round 1 1.9197 1.9093 1.9316 1.8358
Round 2 3.1280 2.4335 2.4592 2.4728
Round 3 1.3887 1.5712 1.5336 1.6558
Round 4 1.5891 1.4658 1.4614 1.6246
Round 5 2.1723 1.9599 1.9662 1.9014
White Round 1 1.0836 1.6839 1.6592 1.7155
Round 2 1.2212 1.1890 1.1932 0.4171
Round 3 1.4161 1.3539 1.3507 1.4060
Round 4 1.8583 1.6099 1.6175 1.5725
Round 5 1.4309 1.4374 1.4351 0.6528
Hispanic Round 1 2.6660 2.1354 2.1872 1.8723
Round 2 2.2459 2.1952 2.1893 2.5254
Round 3 1.3923 1.5409 1.5178 1.5864
Round 4 1.9586 1.6710 1.6791 1.6448
Round 5 1.7962 1.5695 1.5807 1.8022
Other Round 1 1.0383 0.7329 0.7399 0.7455
Round 2 1.3820 0.8699 0.9248 0.7930
Round 3 - - - -
Round 4 1.0214 0.8480 0.8489 0.5080
Round 5 0.9296 0.8090 0.8057 0.8468
Gender
Female Round 1 1.3256 1.2675 1.2709 1.2388
Round 2 1.3849 1.2421 1.2470 1.2600
Round 3 1.1565 1.0596 1.0657 1.0603
Round 4 1.2650 1.2295 1.2303 1.2442
Round 5 1.0718 1.1175 1.1161 1.1042
Male Round 1 1.3034 1.2791 1.2808 1.2565
Round 2 1.3791 1.2564 1.2605 1.2521
Round 3 1.1550 1.0638 1.0696 1.0569
Round 4 1.2605 1.2220 1.2229 1.2357
Round 5 1.0817 1.1267 1.1254 1.1107
Nonbinary Round 1 0.6388 1.3656 1.3313 1.1020
Round 2 0.9069 1.5342 1.5166 0.4183
Round 3 0.9707 1.4938 1.4787 0.1353
Round 4 - - - -
Round 5 1.1627 0.9457 0.9561 0.7632
Sexual Orientation
Straight Round 1 1.1106 1.0820 1.0786 1.1233
Round 2 0.9241 1.0330 1.0290 0.7017
Round 3 0.8882 0.9153 0.9211 0.9126
Round 4 1.3644 1.1711 1.1781 1.1535
Round 5 1.3162 1.1832 1.1874 1.1712
Gay/Lesbian Round 1 1.4440 1.0389 1.0662 1.1348
Round 2 - - - -
Round 3 0.4364 0.8001 0.7818 0.8440
Round 4 1.3186 1.3704 1.3663 1.0387
Round 5 1.3753 1.0724 1.0673 1.0304
Bisexual Round 1 0.8378 1.0187 1.0066 1.0165
Round 2 1.2118 1.1294 1.1331 0.6590
Round 3 0.8020 0.9132 0.9140 0.8997
Round 4 1.2533 1.1222 1.1289 1.1245
Round 5 1.0202 1.0715 1.0753 1.0567

Differential Recruitment”
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Table 2 (continued)

RDS-T* RDS-II* Gile’s SS* HCG*
Black vs. Non-Black Round 1 1.3817 1.1142 1.1363 -
Round 2 1.0800 0.8756 0.8789 -
Round 3 1.6600 1.5625 1.5945 -
Round 4 1.3020 1.6179 1.6224 -
Round 5 1.7288 1.5347 1.5626 -
Female vs. Non-Female Round 1 1.0827 1.0953 1.0980 -
Round 2 1.1537 1.0712 1.0758 -
Round 3 0.9235 1.0422 1.0409 -
Round 4 0.9660 0.9324 0.9289 -
Round 5 0.9864 1.0318 1.0330 -
Straight vs. Non-Straight Round 1 0.7822 0.9097 0.8993 -
Round 2 0.6649 1.0706 1.0527 -
Round 3 1.1433 1.3653 1.3680 -
Round 4 1.1640 1.2881 1.2996 -
Round 5 1.3631 1.4030 1.4053 -

a. Some statistics are missing because of small sample size

b. Formula of differential recruitment statistics in HCG estimator has not been developed yet

Comparison of Time-sensitive Population Parameter
Estimates

We would like to reiterate that self-reported HIV status was
used as HIV status in the round of 2005-2006 given an
HIV test was not provided. This may bias the comparison
between the round of 2005-2006 and other four rounds.

Parameters of age, education, employment status, mari-
tal status, and HIV status estimated by RDS-II were cross-
sectionally consistent with those parameters estimated by
Gile’s SS in each round (See Table 3 and Supplementary
Fig. 4 to 8). Most of parameters estimated by HCG were
consistent with those parameters estimated by RDS-II and
Gile’s SS, except for HIV status in the round of 2012 (See
Fig. 2). In 2012, the proportion of PWID with negative HIV
status was estimated to be 0.1263 (95% CI: 0.0417, 0.2109)
by using HCG estimator, while proportions of PWID with
negative HIV status estimated by RDS-II and Gile’s SS
were 0.8673 (95% CI: 0.8076, 0.9271) and 0.8679 (95%
CI: 0.8086, 0.9272) respectively. Compared to RDS-II and
Gile’s SS, RDS-I had significantly different estimates of
education, employment status, and marital status in each
round.

Discussion

This study found that longitudinal and cross-sectional con-
sistency existed for most of the time-insensitive population
demographic (gender and sexual orientation) and popula-
tion homophily statistics (gender and sexual orientation)
estimated by RDS-II and Gile’s SS with five repeatedly col-
lected RDS samples among PWID in the Greater Newark
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Area, New Jersey. Additionally, time-sensitive population
parameters (age, education, employment status, marital sta-
tus, and HIV status) estimated by these two RDS estimators
in five rounds were also cross-sectionally consistent with
each other. Such consistencies were not fully observed in
the above-mentioned population parameters estimated by
RDS-I and HCG.

Different from Burt and Thiede’s study that they com-
pared RDS-I-adjusted estimates of race/ethnicity between
NHBS-PWID Round 1 and Round 2 in Seattle and did
not find differences in race/ethnicity, [6] disparities were
observed in population parameters of race/ethnicity esti-
mated by four RDS estimators (RDS-I, RDS-II, Gile’s SS,
and HCQ) in this analysis. Given that population homoph-
ily statistics of race/ethnicity were evidently away from one
(population homophily statistics as one means no population
homophily exists; population homophily statistics either
evidently larger or less than one means population homoph-
ily exists), such racial disparities may be explained by the
inability of the four RDS estimators to reduce biases caused
by homophily. However, RDS-II and Gile’s SS reduced dif-
ferences of proportions of race/ethnicity in five rounds of
NHBS-PWID Cycles in New Jersey.

Even though HIV status was time-sensitive, proportions
of HIV status estimated by RDS-I, RDS-II, and Gile’s SS
did not change much from 2005 to 2018, in contrast to
Khatib et al’s study of two RDS samples among men who
have sex with men (MSM) in Unguja, Zanzibar which found
a nearly five-fold reduction in RDS-I-adjusted HIV preva-
lence within 4 years [27]. This difference may be due to
different dynamics and recruitment patterns between PWID
in New Jersey and MSM in Unguja, Zanzibar.
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Table 3 Estimated proportion of time-sensitive demographics using multiple RDS estimators, Newark, NJ, 2005-2018

Round 1  Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)¢ (95% CI)¢ (95% CI)¢ (95% CI)¢ (95% CI)¢
Age
18-29 RDS-1 0.0763 0.1117 0.0818 0.0565 0.0481
(0.0455,  (0.0540, 0.1694) (0.0556, 0.1080)  (0.0442, 0.0688)  (0.0392, 0.0569)
0.1071)
RDS-1I 0.0740 0.1131 0.0834 0.1150 0.0818
(0.0230, (0.0300, 0.1961) (0.0425,0.1244)  (0.0823, 0.1476)  (0.0616, 0.1021)
0.1250)
Gile’s SS 0.0738 0.1126 0.0831 0.1153 0.0823
(0.0235,  (0.0304, 0.1947) (0.0432,0.1231)  (0.0831, 0.1474)  (0.0623, 0.1024)
0.1242)
HCG 0.0392 0.1143 0.0820 0.0647 0.0147
(0.0122, (0.0343,0.1943) (0.0423, 0.1217)  (0.0432, 0.0863)  (0.0106, 0.0188)
0.0662)
30-39 RDS-I 0.2452 0.2146 0.2127 0.1949 0.1793
(0.1995,  (0.1745, 0.2548) (0.1760, 0.2495)  (0.1531, 0.2367)  (0.1461, 0.2126)
0.2910)
RDS-1I 0.2548 0.2365 0.2132 0.2289 0.2091
(0.1668,  (0.1656, 0.3074) (0.1436, 0.2827)  (0.1594, 0.2984)  (0.1393,0.2788)
0.3428)
Gile’s SS 0.2548 0.2362 0.2134 0.2285 0.2093
(0.1684, (0.1663,0.3061) (0.1438, 0.2830)  (0.1596, 0.2973)  (0.1395, 0.2791)
0.3412)
HCG 0.2732 0.2149 0.2212 0.1830 0.1900
(0.1886, (0.1484,0.2813) (0.1513, 0.2911)  (0.1256, 0.2404)  (0.1294, 0.2506)
0.3579)
4049 RDS-I 0.4486 0.4266 0.5286 0.3768 0.2981
(0.3927,  (0.3697, 0.4835) (0.4718, 0.5855)  (0.3124,0.4412)  (0.2509, 0.3453)
0.5044)
RDS-1I 0.4449 0.4233 0.5284 0.3374 0.2820
(0.3545,  (0.3346, 0.5120) (0.4397,0.6170)  (0.2493, 0.4255)  (0.2067, 0.3573)
0.5353)
Gile’s SS 0.4452 0.4239 0.5283 0.3383 0.2825
(0.3564, (0.3364,0.5114) (0.4396, 0.6170)  (0.2509, 0.4256)  (0.2071, 0.3578)
0.5340)
HCG 0.4352 0.4332 0.5263 0.3785 0.3010
(0.3516,  (0.3465, 0.5200) (0.4394,0.6132)  (0.2962, 0.4607)  (0.2312, 0.3708)
0.5189)
50-59 RDS-1 0.2124 0.2227 0.1659 0.2978 0.3342
(0.1622,  (0.1728,0.2725) (0.1338,0.1980)  (0.2342,0.3613)  (0.2837, 0.3848)
0.2626)
RDS-1I 0.2064 0.2085 0.1640 0.2565 0.2969
(0.1174,  (0.1272, 0.2898) (0.1146,0.2134)  (0.1683, 0.3447)  (0.2294, 0.3645)
0.2954)
Gile’s SS 0.2062 0.2086 0.1640 0.2563 0.2965
(0.1184,  (0.1284, 0.2889) (0.1154,0.2127)  (0.1689, 0.3436)  (0.2293, 0.3636)
0.2940)
HCG 0.2427 0.2343 0.1644 0.3040 0.3401
(0.1580, (0.1514,0.3173) (0.1155,0.2133)  (0.2191, 0.3888)  (0.2719, 0.4083)
0.3274)
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Table 3 (continued)

Round1 Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)? (95% CI)¢ (95% CI1)¢ (95% CI)¢ (95% CI)¢
60+ RDS-I 0.0174 0.0244 0.0109 0.0740 0.1403
(0.0092,  (0.0000, 0.0573) (0.0052, 0.0166)  (0.0000, 0.1700)  (0.0841, 0.1965)
0.0257)
RDS-1I 0.0199 0.0186 0.0110 0.0622 0.1301
(0.0118,  (0.0000, 0.0428) (0.0000, 0.0277)  (0.0000, 0.1277)  (0.0718, 0.1884)
0.0280)
Gile’s SS 0.0200 0.0187 0.0111 0.0617 0.1294
(0.0121,  (0.0000, 0.0426) (0.0000, 0.0271)  (0.0000, 0.1265)  (0.0713, 0.1875)
0.0278)
HCG 0.0096 0.0033 0.0061 0.0698 0.1542
(0.0047, (0.0018, 0.0048) (0.0000, 0.0133)  (0.0126, 0.1270)  (0.0962, 0.2122)
0.0145)
Education?
Grades 8 or less RDS-I 0.0021 0.0034 0.0080 0.0068 0.0021
(0.0012,  (0.0000, 0.0088) (0.0046, 0.0115)  (0.0042, 0.0095)  (0.0013, 0.0030)
0.0030)
RDS-II 0.0513 0.0971 0.0774 0.0650 0.0605
(0.0186, (0.0253,0.1689) (0.0405, 0.1144)  (0.0285,0.1014)  (0.0115, 0.1095)
0.0839)
Gile’s SS 0.0515 0.0970 0.0776 0.0652 0.0603
(0.0191,  (0.0263,0.1677) (0.0412,0.1139)  (0.0291, 0.1013)  (0.0116, 0.1090)
0.0839)
HCG 0.0551 0.1049 0.0760 0.0669 0.0638
(0.0208,  (0.0339, 0.1759) (0.0405,0.1114)  (0.0308, 0.1030)  (0.0140, 0.1137)
0.0895)
Grades 9-11 RDS-1 0.1954 0.0919 (0.0581, 0.2607 0.1758 0.1173
(0.1574,  0.1257) (0.2214, 0.3000)  (0.1280, 0.2236)  (0.0868, 0.1477)
0.2334)
RDS-II 0.3423 0.3332 0.2897 0.2109 0.2848
(0.2554,  (0.2540,0.4124) (0.2122,0.3672)  (0.1502,0.2716)  (0.2112, 0.3583)
0.4292)
Gile’s SS 0.3420 0.3333 0.2893 0.2116 0.2842
(0.2561, (0.2554,0.4113) (0.2124, 0.3662)  (0.1515,0.2717)  (0.2107,0.3577)
0.4279)
HCG 0.3624 0.3189 0.2970 0.2377 0.2854
(0.2808,  (0.2430, 0.3948) (0.2202,0.3738)  (0.1718,0.3037)  (0.2138, 0.3570)
0.4441)
Grades 12/GED RDS-I 0.1648 0.0665 0.1942 0.2792 0.2154
(0.1192,  (0.0373, 0.0956) (0.1414, 0.2470)  (0.2083, 0.3501)  (0.1749, 0.2559)
0.2105)
RDS-II 0.4191 0.4115 0.4355 0.4175 0.4245
(0.3237,  (0.3172, 0.5058) (0.3455,0.5255)  (0.3222,0.5128)  (0.3496, 0.4995)
0.5144)
Gile’s SS 0.4188 0.4115 0.4371 0.4174 0.4237
(0.3244, (0.3187,0.5043) (0.3470, 0.5271)  (0.3225,0.5122)  (0.3492, 0.4983)
0.5131)
HCG 0.3992 0.4120 0.4311 0.4479 0.4087
(0.3118,  (0.3218, 0.5023) (0.3435,0.5187)  (0.3591, 0.5367)  (0.3370, 0.4803)
0.4866)
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Table 3 (continued)

Round1 Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)¢ (95% CI)? (95% CI)¢ (95% CI) (95% CI)¢
Some college/Associate/Tech RDS-I 0.6364 0.8382 0.5362 0.5229 0.6628
(0.5755,  (0.7993,0.8771) (0.4558,0.6165)  (0.4057, 0.6402)  (0.6037, 0.7219)
0.6973)
RDS-II 0.1751 0.1554 0.1810 0.2338 0.2117
(0.1011,  (0.0978, 0.2129) (0.1040, 0.2581)  (0.1612,0.3065) (0.1411, 0.2823)
0.2491)
Gile’s SS 0.1754 0.1553 0.1798 0.2332 0.2132
(0.1022,  (0.0987,0.2118) (0.1031, 0.2565)  (0.1608, 0.3057)  (0.1422, 0.2842)
0.2485)
HCG 0.1669 0.1618 0.1890 0.1647 0.2141
(0.0996, (0.1019, 0.2216) (0.1122,0.2658)  (0.1107, 0.2186)  (0.1448, 0.2834)
0.2342)
Bachelor or more RDS-1 0.0013 0.0000 0.0009 0.0152 0.0023
(0.0007,  (-0.0000, 0.0001) (0.0005, 0.0013)  (0.0088, 0.0217)  (0.0014, 0.0032)
0.0018)
RDS-II 0.0122 0.0029 0.0163 0.0728 0.0185
(0.0039,  (0.0002, 0.0055) (0.0000, 0.0380)  (0.0193,0.1263)  (0.0104, 0.0267)
0.0204)
Gile’s SS 0.0124 0.0029 0.0162 0.0726 0.0186
(0.0044,  (0.0002, 0.0056) (0.0000, 0.0377)  (0.0189, 0.1263)  (0.0105, 0.0266)
0.0204)
HCG 0.0164 0.0024 0.0070 0.0829 0.0281
(0.0043, (0.0005, 0.0044) (0.0000, 0.0161)  (0.0370, 0.1287)  (0.0157, 0.0404)
0.0284)
Employment”
Unemployed RDS-1I - 0.9918 0.9789 0.6810 0.6886
(0.9897, 0.9939) (0.9735,0.9842)  (0.6025,0.7594)  (0.6342, 0.7429)
RDS-II - 0.6888 0.6547 0.4357 0.4786
(0.6128, 0.7647) (0.5667,0.7427)  (0.3482,0.5233)  (0.3981, 0.5592)
Gile’s SS - 0.6890 0.6560 0.4377 0.4793
(0.6141, 0.7640) (0.5680, 0.7440)  (0.3508, 0.5245)  (0.3992, 0.5594)
HCG - 0.6701 0.6645 0.4209 0.4595 (0.3815,
(0.5919, 0.7483) (0.5790, 0.7500)  (0.3395, 0.5022)  0.5375)
Full-time RDS-I - 0.0005 0.0039 0.0172 0.0103
(0.0004, 0.0006) (0.0029, 0.0048)  (0.0119, 0.0225)  (0.0076, 0.0131)
RDS-II - 0.0332 0.0650 0.1202 0.0685
(0.0090, 0.0574) (0.0131,0.1169)  (0.0388,0.2015)  (0.0235, 0.1134)
Gile’s SS - 0.0332 0.0647 0.1183 0.0684
(0.0095, 0.0570) (0.0127,0.1168)  (0.0375,0.1991)  (0.0240, 0.1128)
HCG - 0.0438 0.0643 0.1120 0.0622
(0.0123, 0.0754) (0.0140, 0.1147)  (0.0470, 0.1770)  (0.0207, 0.1036)
Part-time RDS-1 - 0.0071 0.0119 0.2411 0.2103
(0.0053, 0.0089) (0.0089, 0.0149)  (0.1501, 0.3322)  (0.1570, 0.2636)
RDS-II - 0.0786 0.0512 0.1099 0.1197
(0.0277, 0.1296) (0.0062, 0.0961)  (0.0648, 0.1549)  (0.0679, 0.1715)
Gile’s SS - 0.0788 0.0509 0.1094 0.1188
(0.0283, 0.1293) (0.0065, 0.0953)  (0.0649, 0.1539)  (0.0676, 0.1701)
HCG - 0.0960 0.0542 0.1056 0.1281
(0.0401, 0.1520) (0.0075, 0.1009)  (0.0652, 0.1459)  (0.0756, 0.1807)
Homemaker RDS-I - 0.0000 0.0017 0.0004 0.0001
(0.0000, 0.0001) (0.0013, 0.0022)  (0.0003, 0.0005)  (0.0001, 0.0001)
RDS-II - 0.0138 0.0456 0.0119 0.0066
(0.0000, 0.0317) (0.0005, 0.0907)  (0.0000, 0.0265)  (0.0000, 0.0164)
Gile’s SS - 0.0137 0.0455 0.0120 0.0067
(0.0000, 0.0310) (0.0002, 0.0909)  (0.0000, 0.0264)  (0.0000, 0.0163)
HCG - 0.0210 0.0430 0.0083 0.0165

(0.0000, 0.0512)

(0.0007, 0.0853)

(0.0000, 0.0187)

(0.0000, 0.0455)
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Table 3 (continued)

Round 1  Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)? (95% CI)¢ (95% CI1)¢ (95% CI)¢ (95% CI)¢
Student RDS-I - 0.0000 0.0001 0.0001 0.0000
(0.0000, 0.0000) (0.0000, 0.0001)  (0.0000, 0.0001)  (0.0000, 0.0000)
RDS-II - 0.0103 0.0130 0.0136 0.0053
(0.0033, 0.0172) (0.0000, 0.0294)  (0.0093, 0.0179)  (0.0000, 0.0128)
Gile’s SS - 0.0102 0.0130 0.0134 0.0055
(0.0034, 0.0170) (0.0000, 0.0293)  (0.0092, 0.0177)  (0.0000, 0.0131)
HCG - 0.0200 0.0107 0.0435 0.0013
(0.0044, 0.0356) (0.0000, 0.0238)  (0.0355, 0.0515)  (0.0003, 0.0023)
Retired RDS-I - 0.0000 0.0004 0.0048 0.0064
(0.0000, 0.0001) (0.0003, 0.0005)  (0.0029, 0.0066)  (0.0047, 0.0081)
RDS-II - 0.0034 0.0060 0.0226 0.0429
(0.0018, 0.0051) (0.0011, 0.0108)  (0.0000, 0.0633)  (0.0145, 0.0713)
Gile’s SS - 0.0035 0.0060 0.0227 0.0429
(0.0018, 0.0051) (0.0013, 0.0107)  (0.0000, 0.0631)  (0.0148, 0.0709)
HCG - 0.0008 0.0060 0.0350 0.0416
(0.0005, 0.0010) (0.0012, 0.0107)  (0.0000, 0.0852)  (0.0150, 0.0682)
Disabled to work RDS-I - 0.0005 0.0018 0.0192 0.0146
(0.0003, 0.0006) (0.0013, 0.0023)  (0.0132,0.0252)  (0.0107, 0.0186)
RDS-II - 0.1628 0.1338 0.2144 0.2137
(0.1105, 0.2151) (0.0765, 0.1912)  (0.1342, 0.2947)  (0.1464, 0.2810)
Gile’s SS - 0.1625 0.1335 0.2150 0.2140
(0.1111, 0.2139) (0.0771, 0.1899)  (0.1356, 0.2945)  (0.1471, 0.2809)
HCG - 0.1262 0.1488 0.2079 0.2195
(0.0830, 0.1694) (0.0874,0.2103)  (0.1349,0.2810)  (0.1534, 0.2857)
Other RDS-I - 0.0001 0.0015 0.0363 0.0697
(0.0001, 0.0001) (0.0011, 0.0019)  (0.0248, 0.0478)  (0.0468, 0.0925)
RDS-II - 0.0091 0.0308 0.0716 0.0646
(0.0000, 0.0182) (0.0000, 0.0626)  (0.0135,0.1297)  (0.0370, 0.0921)
Gile’s SS - 0.0090 0.0303 0.0715 0.0645
(0.0002, 0.0178) (0.0000, 0.0611)  (0.0138,0.1291)  (0.0369, 0.0921)
HCG - 0.0221 0.0084 0.0668 0.0713
(0.0000, 0.0445) (0.0019, 0.0150)  (0.0224, 0.1111)  (0.0417, 0.1008)
Marital Status®
Never married RDS-I - 0.9381 0.9500 0.8721 0.9234
(0.9195, 0.9566) (0.9376, 0.9623)  (0.8401, 0.9040)  (0.9056, 0.9412)
RDS-II - 0.6787 0.6486 0.5582 0.5909
(0.5888, 0.7686) (0.5657,0.7315)  (0.4674, 0.6490)  (0.5108, 0.6709)
Gile’s SS - 0.6783 0.6482 0.5581 0.5911
(0.5891, 0.7675) (0.5656, 0.7309)  (0.4682,0.6481) (0.5113, 0.6710)
HCG - 0.7069 0.6542 0.5839 0.6125
(0.6349, 0.7789) (0.5735,0.7348)  (0.5055,0.6624)  (0.5348, 0.6902)
Married RDS-I - 0.0362 0.0296 0.0068 0.0275
(0.0209, 0.0515) (0.0223, 0.0369)  (0.0048, 0.0087)  (0.0209, 0.0341)
RDS-II - 0.0690 0.0912 0.0426 0.0831
(0.0000, 0.1531) (0.0376, 0.1448)  (0.0085, 0.0767)  (0.0435, 0.1227)
Gile’s SS - 0.0683 0.0913 0.0424 0.0828
(0.0000, 0.1524) (0.0380, 0.1446)  (0.0087,0.0760)  (0.0437, 0.1219)
HCG - 0.0188 0.0940 0.0100 0.0965

(0.0010, 0.0365)

(0.0405, 0.1474)

(0.0003, 0.0197)

(0.0549, 0.1381)
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Table 3 (continued)

Round1 Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)¢ (95% CI)? (95% CI)¢ (95% CI) (95% CI)¢
Living together as married RDS-I - 0.0016 0.0016 0.0698 0.0116
(0.0012, 0.0020) (0.0012, 0.0021)  (0.0512, 0.0884)  (0.0088, 0.0144)
RDS-II - 0.0183 0.0239 0.0988 0.0580
(0.0002, 0.0364) (0.0122,0.0356)  (0.0467, 0.1509)  (0.0337, 0.0823)
Gile’s SS - 0.0182 0.0244 0.0986 0.0578
(0.0004, 0.0361) (0.0129, 0.0358)  (0.0471, 0.1501)  (0.0339, 0.0818)
HCG - 0.0085 0.0209 0.1023 0.0091
(0.0030, 0.0141) (0.0110, 0.0308)  (0.0467,0.1578)  (0.0055, 0.0127)
Separated RDS-I - 0.0121 0.0073 0.0200 0.0234
(0.0090, 0.0151) (0.0055, 0.0092)  (0.0144, 0.0255)  (0.0179, 0.0289)
RDS-II - 0.0797 0.0764 0.0791 0.1139
(0.0395, 0.1198) (0.0453, 0.1075)  (0.0321, 0.1260)  (0.0521, 0.1756)
Gile’s SS - 0.0801 0.0762 0.0790 0.1143
(0.0406, 0.1196) (0.0458,0.1065)  (0.0326, 0.1255)  (0.0522, 0.1764)
HCG - 0.0928 0.0736 0.0299 0.1311
(0.0466, 0.1390) (0.0426, 0.1046)  (0.0090, 0.0509)  (0.0704, 0.1918)
Divorced RDS-I - 0.0050 0.0028 0.0143 0.0057
(0.0037, 0.0063) (0.0021, 0.0035)  (0.0103,0.0183)  (0.0043, 0.0072)
RDS-II - 0.1186 0.1036 0.1736 0.1205
(0.0750, 0.1622) (0.0434,0.1637)  (0.1085,0.2388)  (0.0567, 0.1843)
Gile’s SS - 0.1191 0.1038 0.1738 0.1203
(0.0759, 0.1622) (0.0435,0.1640)  (0.1093, 0.2383)  (0.0565, 0.1841)
HCG - 0.1309 0.1028 0.2030 0.1234
(0.0854, 0.1765) (0.0446, 0.1610)  (0.1422,0.2639)  (0.0645, 0.1823)
Widowed RDS-I - 0.0071 0.0087 0.0171 0.0084
(0.0053, 0.0089) (0.0065, 0.0109)  (0.0099, 0.0242)  (0.0063, 0.0104)
RDS-II - 0.0357 0.0564 0.0477 0.0336
(0.0060, 0.0655) (0.0205, 0.0922)  (0.0073, 0.0881)  (0.0121, 0.0552)
Gile’s SS - 0.0360 0.0561 0.0480 0.0336
(0.0066, 0.0654) (0.0208, 0.0915)  (0.0080, 0.0881)  (0.0124, 0.0548)
HCG - 0.0421 0.0546 0.0708 0.0274
(0.0061, 0.0780) (0.0205, 0.0886)  (0.0385,0.1031)  (0.0100, 0.0449)
HIV Status
Negative RDS-I 0.7470 0.8486 0.8510 0.8315 0.8009
(0.7066,  (0.8031, 0.8940) (0.7095, 0.9925)  (0.5231, 1.1399)  (0.7050, 0.8967)
0.7873)
RDS-II 0.7392 0.8523 0.8673 0.8526 0.8078
(0.6696, (0.7861, 0.9185) (0.8076, 0.9271)  (0.7677,0.9376)  (0.7316, 0.8841)
0.8088)
Gile’s SS 0.7387 0.8523 0.8679 0.8534 0.8090
(0.6702, (0.7867,0.9178) (0.8086, 0.9272)  (0.7682, 0.9386)  (0.7325, 0.8854)
0.8072)
HCG 0.7361 0.8428 0.1263 0.8263 0.8000
(0.6710, (0.7744,0.9113) (0.0417,0.2109)  (0.7536, 0.8990)  (0.7260, 0.8740)
0.8013)
Positive RDS-I 0.1806 0.1514 0.1198 0.1245 0.1946
(0.1485,  (0.1060, 0.1969) (0.0856, 0.1540)  (0.0732,0.1757)  (0.0983, 0.2910)
0.2128)
RDS-II 0.1884 0.1465 0.1153 0.1205 0.1877
(0.1265, (0.0803,0.2127) (0.0664, 0.1642)  (0.0591, 0.1818)  (0.1114, 0.2639)
0.2504)
Gile’s SS 0.1891 0.1465 0.1150 0.1201 0.1865
(0.1279,  (0.0810,0.2121) (0.0666, 0.1634)  (0.0591, 0.1811)  (0.1100, 0.2630)
0.2502)
HCG 0.1971 0.1572 0.0073 0.1388 0.1991
(0.1397,  (0.0887, 0.2256) (0.0000, 0.0277)  (0.0793, 0.1983)  (0.1251,0.2731)
0.2544)
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Table 3 (continued)

Round1 Round 2 Round 3 Round 4 Round 5
Proportion Proportion Proportion Proportion Proportion
(95% CI)¢ (95% CI)? (95% CI)¢ (95% CI) (95% CI)¢
Unknown RDS-I 0.0724 0.0000 0.0292 0.0440 0.0045

(0.0479,  (0.0000, 0.0000) (0.0000, 0.1830)  (0.0000, 0.3873)  (0.0000, 0.0101)
0.0969)

RDS-II 0.0724 0.0012 0.0173 0.0269 0.0045
(0.0411,  (0.0009, 0.0015) (0.0000, 0.0559)  (0.0000, 0.0937)  (0.0000, 0.0116)
0.1037)

Gile’s SS 0.0723 0.0012 0.0171 0.0265 0.0046
(0.0421,  (0.0009, 0.0015) (0.0000, 0.0555)  (0.0000, 0.0940)  (0.0000, 0.0116)
0.1025)

HCG 0.0668 0.0000 0.8664 0.0349 0.0009
(0.0350, (0.0000, 0.0000) (0.7848, 0.9479)  (0.0000, 0.0840)  (0.0002, 0.0016)
0.0986)

a. Missing observations: n=1 for Round 3
b. Missing observations: n=412 for Round 1, n=1 for Round 3

c. Missing observations: n=412 for Round 1, n=1 for Round 3

d. Lower bound of 95% CI with a negative value was trimmed to 0.0000

Unlike Fellow’s study with simulated data to prove the
robust performance of HCG under the presence of homoph-
ily, [15] this study showed that HCG-estimated parameters
of race/ethnicity, sexual orientation, and HIV status were
inconsistent. There were racial homophiles in five rounds
of NHBS-PWID Cycles, but HCG did not reduce homoph-
ily biases well to give consistent estimates of race/ethnicity.
Besides that, HCG also did not give reasonable estimates of
sexual orientation and HIV status. For instance, HCG esti-
mated the proportion of straight PWID in 2009 as 0.1748
and the proportion of PWID with negative HIV status in
2012 as 0.1263, while the sample proportion of straight
PWID in 2009 was 0.8824 (375/425) and the sample pro-
portion of PWID with negative HIV status in 2012 was
0.8796 (402/457).

This study has several limitations. First, the five rounds
NHBS-PWID data that we used to assess the consistency
of RDS estimators were collected with a three-year time
interval between each round, which may bias our results
of longitudinal comparisons of population demographic
estimates. Observed inconsistencies in time-insensitive
demographics estimated by four RDS estimators may still
be influenced by time effect and natural movement of injec-
tion drug users in New Jersey. Second, because the popu-
lation size of PWID in Newark, New Jersey is unknown,
the estimated population sizes of five rounds used in Gile’s
SS estimating function and HCG estimating function may
be inaccurate. However, sensitivity analyses supported the
robustness of Gile’s SS (See Supplementary Fig. 9), while
HCG did not perform well in the round of 2009 (See Sup-
plementary Fig. 10). Third, relatively small sample sizes of
some categories of variables used in the study may affect
the accuracy of population parameter estimates, population

@ Springer

homophily statistics and differential recruitment statistics of
those categories (e.g., nonbinary, student). However, given
that our goal was to assess consistency of RDS estima-
tors rather than to estimate accurate population parameters
and sizes of those categories in five rounds were similar to
each other, such limitation may not influence our findings.
Fourth, population parameters estimated by four RDS esti-
mators in five rounds may be biased by the non-randomness
of initial sample (seeds). Even though convergence plots
of five rounds showed that many final RDS estimates were
not likely to be biased by the initial convenience sample of
seeds (See Supplementary Fig. 11 to 30), some final RDS
estimates (e.g., race/ethnicity, age, education in the round of
2009 and the round of 2012) did not converge well. How-
ever, sensitivity analyses that compared time-insensitive
demographic estimates with and without seeds supported
the consistency of RDS estimators except for RDS-I (See
Supplementary Fig. 31 to 34). Fifth, the number of cou-
pons (i.e., 3-5) may bias the need for a limited recruitment
quota applied consistently to all participants. However, due
to secondary analyses, we could not address such bias in
this study. Sixth, the comparison of HIV status between the
round of 2005-2006 and other four rounds may be biased
given that self-reported HIV status was used as HIV sta-
tus in the round of 2005-2006. However, cross-sectional
comparison of HIV status in five rounds and longitudinal
comparisons of HIV status in other four rounds were not
affected. Seventh, some measures (e.g., network size) in
our study may be inaccurate. Future studies may consider
optimally defining these measures to better control biases.
Eighth, even though sample quality was not assessed in this
analysis, previous study showed the reliability of five RDS
samples of NHBS-PWID in New Jersey [17].
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Fig. 2 Estimated proportion of time-sensitive demographics using multiple RDS estimators, Newark, NJ, 2012

Conclusions

In conclusion, even though RDS estimators may not address
all inconsistencies, adequate consistency was observed in
RDS-II and Gile’s SS. Future studies using RDS may need
to conduct necessary diagnostic procedures during the
stage of data collection, to test important assumptions of
RDS, and to weight RDS samples with more adjustment
approaches. Based on this study, RDS-II and Gile’s SS are
recommended to weight RDS samples for potentially more

robust results, if comprehensive comparisons and sensitive
analyses cannot be performed.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10461-
024-04461-5.

Acknowledgements The authors acknowledge the help of Willi
McFarland from San Francisco Department of Public Health for his
guidance during the development of this research idea. The authors
also acknowledge the comments of Stephanie Shiau and Chongyi Wei
from School of Public Health, Rutgers University and Min Xu from

@ Springer


https://doi.org/10.1007/s10461-024-04461-5
https://doi.org/10.1007/s10461-024-04461-5

AIDS and Behavior

Department of Statistics, Rutgers University.

Author Contributions PW and HR conceived of the research idea. AW,
BB, and Al collected and prepared data. Under HR’s supervision, PW
designed the study, analyzed data, and drafted the manuscript. HR,
AW, BB, and Al revised the manuscript. All authors have read and ap-
proved the final manuscript.

Data Availability Data can only be accessed upon application and
approval by CDC and/or New Jersey Department of Health. Authors
do not have rights to share data.

Declarations

Ethics approval and consent to participate NHBS in the Newark area
had IRB approval from Rowan University’s IRB. This secondary anal-
ysis of anonymous data had a non-research determination from the
Rutgers University IRB.

Conflict of Interests The authors declared no potential conflicts of in-
terest with respect to the research, authorship, and/or publication of
this article.

References

1. Stahlman S, Sanchez TH, Sullivan PS, Ketende S, Lyons C,
Charurat ME, et al. The prevalence of sexual Behavior Stigma
affecting Gay men and other men who have sex with Men across
Sub-saharan Africa and in the United States. JMIR Public Health
Surveill. 2016;2(2):¢35.

2. UNAIDS. Changing laws that discriminate. 2019;8.

3. Shaghaghi A, Bhopal RS, Sheikh A. Approaches to recruiting
‘Hard-To-Reach’ populations into Research: a review of the lit-
erature. Health Promot Perspect. 2011;1(2):86-94.

4.  Heckathorn DD, Respondent-Driven Sampling. A New Approach
to the study of hidden populations. Soc Probl. 1997;44(2):174-99.

5. Heckathorn DD, Respondent-Driven Sampling II. Deriving Valid
Population estimates from Chain-Referral samples of hidden pop-
ulations. Soc Probl. 2002;49(1):11-34.

6. Burt RD, Thiede H. Evaluating consistency in repeat surveys of
injection drug users recruited by respondent-driven sampling in
the Seattle area: results from the NHBS-IDU1 and NHBS-IDU2
surveys. Ann Epidemiol. 2012;22(5):354-63.

7. Gile KJ, Handcock MS. Respondent-driven sampling: an
Assessment of current methodology. Sociol Methodol.
2010;40(1):285-327.

8. Gile KJ. Improved inference for Respondent-Driven Sampling
Data with Application to HIV Prevalence Estimation. J Am Stat
Assoc. 2011;106(493):135-46.

9.  Salganik MJ, Heckathorn DD. Sampling and estimation in hidden
populations using respondent-driven sampling. Sociol Methodol.
2004;34(1):193-240.

10. Volz E, Heckathorn DD. Probability based Estimation Theory for
Respondent Driven Sampling. J Official Stat. 2008;24:19.

11. Abdesselam K, Verdery A, Pelude L, Dhami P, Momoli F, Jolly
AM. The development of respondent-driven sampling (RDS)
inference: a systematic review of the population mean and vari-
ance estimates. Drug Alcohol Depend. 2020;206:107702.

12. Gile KJ, Johnston LG, Salganik MJ. Diagnostics for Respondent-
driven sampling. J R Stat Soc Ser Stat Soc. 2015;178(1):241-69.

13. LilJ, Valente TW, Shin HS, Weeks M, Zelenev A, Moothi G, et al.
Overlooked threats to Respondent Driven Sampling estimators:

@ Springer

14.

15.

17.

20.

21.

22.

23.

24.

25.

26.

27.

peer recruitment reality, degree measures, and Random Selection
Assumption. AIDS Behav. 2018;22(7):2340-59.

Wirtz AL, Iyer J, Brooks D, Hailey-Fair K, Galai N, Beyrer C et
al. An evaluation of assumptions underlying respondent-driven
sampling and the social contexts of sexual and gender minority
youth participating in HIV clinical trials in the United States.
MedRxiv Prepr Serv Health Sci. 2020.

Fellows IE. Respondent-driven sampling and the homophily con-
figuration graph. Stat Med. 2019;38(1):131-50.

. Wang P, Wei C, McFarland W, Raymond HF. The Development

and the Assessment of Sampling Methods for Hard-to-Reach
Populations in HIV Surveillance. J Urban Health [Internet].
2024 May 24 [cited 2024 May 24]; https://doi.org/10.1007/
$11524-024-00880-w

Wang P, Wogayehu A, Bolden B, Ibrahim AR, Raymond HF.
Assessing reliability of naive respondent-driven sampling sam-
ples by using repeated surveys among people who inject drugs
(PWID) in New Jersey. Ann Epidemiol. 2024;94:100-5.

Centers for Disease Control and Prevention. Risk, Prevention,
and Testing Behaviors Related to HIV and Hepatitis Infections—
National HIV Behavioral Surveillance System: Injecting Drug
Users, May 2005— February 2006 [Internet]. 2011 Jun [cited 2022
Aug 14]. (HIV Special Surveillance Report 7). http://www.cdc.
gov/hiv/topics/surveillance/resources/reports/

Centers for Disease Control and Prevention. HIV Infection and
Risk, Prevention, and Testing Behaviors Among Injecting Drug
Users — National HIV Behavioral Surveillance System, 20 U.S.
Cities, 2009 [Internet]. 2014 [cited 2022 Aug 7]. https://www.
cdc.gov/mmwr/preview/mmwrhtml/ss6306al.htm

Centers for Disease Control and Prevention, Infection HIV. Risk,
Prevention, and Testing Behaviors among Persons Who Inject
Drugs—National HIV Behavioral Surveillance: Injection Drug
Use, 20 U.S. Cities, 2012 [Internet]. 2015 Aug [cited 2022 Aug
14] p. 42. (HIV Surveillance Special Report 11). http://www.cdc.
gov/hiv/library/reports/surveillance/

Centers for Disease Control and Prevention, Infection HIV. Risk,
Prevention, and Testing Behaviors among Persons Who Inject
Drugs—National HIV Behavioral Surveillance: Injection Drug
Use, 20 U.S. Cities, 2015 [Internet]. 2018 May [cited 2022 Aug
14] p. 38. (HIV Surveillance Special Report 18). http://www.cdc.
gov/hiv/library/reports/hiv-surveillance.html

Centers for Disease Control and Prevention. HIV Infection Risk,
Prevention, and Testing Behaviors among Persons Who Inject
Drugs—National HIV Behavioral Surveillance: Injection Drug
Use, 23 U.S. Cities, 2018 [Internet]. 2020 Feb [cited 2022 Aug
14] p. 43. (HIV Surveillance Special Report 24). http://www.cdc.
gov/hiv/library/reports/hivsurveillance.html

Lansky A, Abdul-Quader AS, Cribbin M, Hall T, Finlayson TJ,
Garfein RS, et al. Developing an HIV behavioral surveillance sys-
tem for injecting drug users: the National HIV behavioral surveil-
lance system. Public Health Rep Wash DC 1974. 2007;122(Suppl
1):48-55.

Gile KJ, Handcock MS. Network Model-assisted inference from
Respondent-Driven Sampling Data. J R Stat Soc Ser Stat Soc.
2015;178(3):619-39.

McPherson M, Smith-Lovin L, Cook JM. Birds of a
feather: Homophily in Social Networks. Annu Rev Sociol.
2001;27:415-44.

Lachowsky NJ, Sorge JT, Raymond HF, Cui Z, Sereda P, Rich A,
et al. Does size really matter? A sensitivity analysis of number of
seeds in a respondent-driven sampling study of gay, bisexual and
other men who have sex with men in Vancouver, Canada. BMC
Med Res Methodol. 2016;16(1):157.

Khatib A, Haji S, Khamis M, Said C, Khalid F, Dahoma M, et al.
Reproducibility of Respondent-Driven Sampling (RDS) in repeat


https://doi.org/10.1007/s11524-024-00880-w
https://doi.org/10.1007/s11524-024-00880-w
http://www.cdc.gov/hiv/topics/surveillance/resources/reports/
http://www.cdc.gov/hiv/topics/surveillance/resources/reports/
https://www.cdc.gov/mmwr/preview/mmwrhtml/ss6306a1.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/ss6306a1.htm
http://www.cdc.gov/hiv/library/reports/surveillance/
http://www.cdc.gov/hiv/library/reports/surveillance/
http://www.cdc.gov/hiv/library/reports/hiv-surveillance.html
http://www.cdc.gov/hiv/library/reports/hiv-surveillance.html
http://www.cdc.gov/hiv/library/reports/hivsurveillance.html
http://www.cdc.gov/hiv/library/reports/hivsurveillance.html

AIDS and Behavior

surveys of men who have sex with men, Unguja, Zanzibar. AIDS
Behav. 2017;21(7):2180-7.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	﻿Assessing Consistency of Respondent-driven Sampling Estimators by Using Repeated Surveys among People Who Inject Drugs (PWID) in New Jersey
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study Population and Data Collection
	﻿Measures
	﻿Analysis

	﻿Results
	﻿Recruitment and Sample Demographics in NHBS-PWID Cycles
	﻿Comparison of Time-insensitive Population Parameter Estimates
	﻿Comparison of Time-sensitive Population Parameter Estimates

	﻿Discussion
	﻿Conclusions
	﻿References


