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Objectives: We aim to estimate how changes in sterile syringe
distribution through needle—syringe programs (NSPs) may affect HIV
and hepatitis C virus (HCV) incidence among injecting drug users
(IDUs) in Australia.

Methods: We develop a novel mathematical model of HIV and HCV
transmission among IDUs who share syringes. It is calibrated using
biological and Australian epidemiological and behavioral data.
Assuming NSP syringe distribution affects the number of times
each syringe is used before disposal, we use the model to estimate the
relationship between incidence and syringe distribution.

Results: HIV is effectively controlled through NSP distribution of
sterile syringes {with the effective reproduction ratio below 1 [0.66
median, interquartile range (0.63—0.70)] under current syringe
distribution}. In contrast, HCV incidence is expected to remain
high and its control is not feasible in the foreseeable future. The
proportion of injections that are shared and the number of times each
syringe is used before disposal are the driving factors of HCV
incidence. The frequency in which each syringe is used can
potentially be influenced by changes in syringe distribution. We
estimate that if syringe distribution or coverage doubled, then annual
incidence is likely to reduce by 50%. However, if it was decreased
to one third of the current level, then ~3 times the incidence could
be expected.

Conclusions: This research highlights the large benefits of NSPs,
puts forward a quantitative relationship between incidence and
syringe distribution, and indicates that increased coverage could
result in significant reductions in viral transmissions among IDUs.
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INTRODUCTION

Sharing syringes by injecting drug users (IDUs) is an
important mode of global transmission of blood-borne viruses
such as HIV and hepatitis C virus (HCV).! Both HIV and HCV
infection are associated with significant morbidity and
mortality.”* In Australia, HCV is highly prevalent in IDUs
(50%—-70%),*”7 but HIV has remained consistently low
(prevalence of <1%).*® Annually, there are 30-40 notified
cases of HIV transmission in Australia attributed solely to
injecting drug use.” In comparison, there are an estimated
8000-12,000 new HCV infections annually,*® 80%-90% of
which are attributed to injecting drug use.*'*'" Similar pro-
portions of HCV transmissions worldwide are observed in
IDUs.'*" In contrast, the majority of HIV transmissions
globally occur as a result of unprotected heterosexual or male
homosexual intercourse.>'* This is due to the differential trans-
mission probabilities of the 2 viruses.'> Despite the difficulty
in estimating transmission risk, the per exposure probability
of infection from a contaminated syringe is thought to be
0.1%-0.5% for HIV'®** and 2.5%5% for HCV.****

Transmission via a contaminated syringe can occur
when syringes are shared among IDUs. Although IDUs are
unlikely to share or reuse other injector’s used syringes, if they
have convenient access to clean syringes,”** those who do
share syringes tend to share with sexual partners or close
friends.*'*? In Australia, needle and syringe programs (NSPs)
have been the cornerstone of public health strategies aimed at
reducing the sharing of syringes. NSPs were first introduced in
Australia in the late 1980s, providing a range of education,
counseling, and referral services alongside the distribution of
sterile injecting equipment. Initially, NSPs were established to
prevent transmission of HIV, but since the 1990s, prevention of
HCYV among IDUs has also been a key objective. There are
over 3000 NSP sites across Australia, with the sector com-
prised of primary and secondary NSP outlets, mobile and
outreach services, syringe vending machines, and a significant
number of pharmacies that offer NSP services.** The com-
bined needle and syringe distribution is ~30 million syringes
each year” It has been estimated that by the year 2000,
Australian NSPs had directly prevented 25,000 cases of HIV
and 21,000 cases of HCV.** In this article, we develop a novel
mathematical model, calibrated to match the Australian
population of IDUs, and we use it to estimate the relationship
between the number of sterile syringes distributed through
NSPs and the expected incidence of HIV and HCV in
Australian IDUs.
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METHODS

Various studies have used mathematical models to
evaluate interventions designed to control and prevent viral
transmission among IDUs.'®*3** We developed a simple but
novel static model to explore the expected national annual
incidence associated with different levels of sterile syringe
distribution. A schematic diagram describing the assump-
tions and structure of our transmission model is presented
in Figure 1.

We define the number of IDUs in the population as N
and assume that each IDU injects an average of »n times per
year. A proportion, s, of IDUs may share their syringes with
others and they do so in a proportion, ¢, of their injections. We
assume that sharing occurs in sharing groups of average size m
people. We define the prevalence in the population to be p, and
the probability of infection from a contaminated syringe per
use to be 3. We assume that syringe cleaning has effectiveness
€. and that cleaning occurs before a proportion, p,., of shared
mJectlons Given these definitions, the average number of

“sharing events” in total per year is Zf" The total number of
expected transmissions will be this number multiplied by the
average number of transmissions per “sharing event”. The
probability of » infected people in a sharing group of size m

is ( ’:1 > Po(1=py)" ", using standard binomial theory (p, will

take different values depending on whether HIV or HCV is
modeled). If the group members inject using the shared
syringe in random order, then an average of '+ uninfected
people will inject before the first infected person (and between
each infected person). Therefore, in each sharing event, an
= = = yninfected people will use
a syringe after an infected person has used it. If a shared
syringe is used &, times before disposal, then m/d, syringes are
used in each “sharing event” and the average number of
uninfected people in the group to use the same syringe after an
infected person becomes ™2 1’ ‘3;: Each susceptible person
could acquire infection with probablhty (1—pce.)B. Therefore,
the expected number of transmissions in the sharing group is:

dsB(1 —pee)™= (m) , _rm —r?
B : Z (r >p0(1 —po)” .

m = r—+1

We note that 8, =2 because sharing events necessarily
involve sharing syringes. We assume that syringes used for
personal (unshared) injections are each used an average of o,
times before disposal. Then the total number of transmissions
expected each year or incidence (/) is

NnsgdsB(1
m2

2

=LV (Y- )

r=1 V+1

I =

If each IDU injects for an average of D years after
seroconversion, then the average number of secondary cases
per IDU is

2

Dngd,B(1 — p.e.) " (m) , ey P — T
C A 1 _ )
m?p r;l r Pol =) r+1

It is assumed that the saturation in demand has not been
reached and greater supply would result in greater coverage. If

R =
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P syringes are distributed each year and a proportion w of all
syringes are not used, then the number of syringes distributed
that are used is P (1 —w). The number of syringes used for
individual injecting episodes among nonsharing IDUs is

"N%LS). Similarly, the total number of syringes used for

r
individual injecting among all sharing IDUs is M and the
nqu

total number of syringes used in sharing events Is 55
Therefore,

N(l —s) n(l —¢q)sN  ngsN
Pl —w)= 5 + 5 5
P y2 s

_ ;)_I; [5, — sa(3, — 8,)] (2)

defines a relationship between the total number of syringes
distributed and the use of syringes in our model (Fig. 1).
Changes in the number of syringes distributed are likely to
change any, or all, of the following factors in a way that is
consistent with equation 2: the proportion of syringes that
remain unused (w), the proportion of injections that are shared
(g), or the average number of times each syringe is used [in
shared (8;) or individual (nonshared) injections (3,)]. Changes
to w and 8, will not influence transmission levels but changes
to ¢ and &, could potentially result in large changes in
incidence. We speculate that increased syringe coverage is
most likely to influence a decrease in the number of injections
per syringe (for both personal and shared syringes). Therefore,
we used equation (2) to estimate the change in the average
number of injections per syringe used in both individual and
shared injections, assuming the same percentage increase or
decrease for both, according to a change in the total number of
syringes distributed. The new values for the usage per syringe
(5, and d,) were then used in equation (1), and all other
parameters were sampled independently from their original
distributions as defined in Table 1. This was used to estimate
the expected incidence of HIV and HCV based on changes in
syringe distribution.

We acknowledge that there is large heterogeneity in the
behavior of different IDUs. However, in this study, we take
population averages to investigate expected population-level
incidence based on average parameter estimates. Parameter
estimates used in our model are presented in Table 1. Because
of the uncertainty and heterogeneity in these parameters, we
defined a range of plausible values. We sampled each
parameter over a uniform distribution using Latin hypercube
sampling and conducted sensitivity analyses using the SaSAT
software package.’' For illustrative purposes, we used median
parameter values for the generation of some figures. We used
the same behavioral parameters for both epidemics but
changed the biological transmission rate per exposure for
each virus, 0.1%—-0.5% for HIV and 2.5%—5% for HCV,'®2®
and the baseline prevalence of HIV and HCV in the Australian
IDU population, 0.5%—1.5% for HIV and 50%-70% for
HCV.*® These parameter values ensured that the model was
calibrated to accurately reflect the number of notifications
recorded in Australia each year; the model estimated that 34
[median, interquartile range (IQR) (11-75)] HIV infections
and 10,268 [median, IQR (5884-15,192)] HCV infections
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FIGURE 1. Schematic diagram of the
injecting patterns of IDUs. An IDU
with cross mark refers to an infected
IDU in a sharing group. A star from
an infected IDU to an uninfected IDU
refers to the transmission of HIV and
HCV virus through a contaminated
syringe via needle sharing.
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occur each year, which is consistent with national annual
notifications data.>>?

RESULTS
The total number of secondary transmissions resulting
from an infected IDU depends on the frequency of syringe
sharing and the average duration of time IDUs inject
postseroconversion. We calculated the expected reproduction
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ratio, R, per IDU for HIV and HCV as a function of the average
duration of injecting postseroconversion (Fig. 2). An epidemic
is sustained if R is greater than 1,3 implying that each infected
person is associated with at least 1 secondary transmission on
average. We found that the threshold duration of injecting
postseroconversion required to sustain an epidemic is 11.6
[median, IQR (7.0-22.4)] years for HIV and 2.3 [median, IQR
(1.8-3.2)] years for HCV (Fig. 2). Based on behavioral
data,*** it is reasonable to assume that the average duration of
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TABLE 1. Table of Parameters Used in Mathematical Model of Transmission Among IDUs in Australia

Parameter Description Values References
Biological transmission parameters
B Transmission probability per injection HIV 0.001-0.005 1623
with a contaminated syringe HCV 0.025-0.05 24-28
Epidemiology and NSP parameters
Po Prevalence among IDUs in Australia HIV 0.5%-1.5% a8
HCV 50%-70% 7
N Population size of IDUs in Australia 215,000 o
P Total number of no. syringes distributed per year 29,873,802 o
® Percentage of syringes distributed that are not used 0.5%—1% Experimental variable
Behavioral parameters
m Average size of a sharing group 2 31,32
Pd Proportion of IDUs who inject every day 45%—-55% 4
f No. injections per day for IDUs that inject every day 12 4
T Average no. days between injections for IDUs that 7-21d 4
inject less frequently than daily
n Average frequency of injecting per IDU per year n =365 [Pd [+ (1= Py) H
(weighted average of daily and nondaily injectors) (ranges 170-430)
s Proportion of IDUs who share syringes 15%-20% 4
q Proportion of injections that are shared for IDUs 13%-17% 4
that share syringes
dg Average no. times each shared syringe is used 2.6-2.8 4
before disposal
dp Average no. times each nonshared syringe is Determined by solving equation
used before disposal (2); median 2.1
Syringe cleaning parameters
Pe Proportion of syringes used multiple times by 0%—1% Experimental variable
multiple people that are cleaned before reuse
€ Effectiveness of syringe cleaning HIV 70%—-80% A
HCV 30%-40% 4630

injecting post-HCV seroconversion is ~10 years. This is
considerably greater than the threshold of 2.3 years required to
control HCV incidence. In contrast, the duration of injecting
for HIV-infected IDUs postseroconversion is assumed to be
much less than for HCV (less than 10 years) and thus less than
the critical 11.6 years required to control HIV incidence.

To identify factors that could provide effective targets
for intervention, we conducted a sensitivity analysis by means
of calculating partial rank correlation coefficients®' between
incidence and the sampled model parameters (results not
shown). We determined that the number of times each syringe
is used before disposal is the most sensitive behavioral factor
in determining the incidence of both HIV and HCV infection
followed by the percentage of injections that are shared.
Therefore, we investigated the expected change in incidence
for HIV and HCV, according to our model, with changes in the
frequency of shared injections and the average number of
times each syringe is used (Figs. 3A, B). As an example, if the
proportion of injections that are shared decreased from 15% to
10%, annual HIV incidence would reduce from 34 cases to 23
and from 10,268 cases of HCV to 6845; that is, a reduction of
~33%. If the average number of times a syringe is shared
decreased from 2.7 to 1.5, the annual HIV and HCV incidence
would decrease to 19 and 5704 cases, respectively. Obviously,
interventions that simultaneously decrease both syringe-

© 2009 Lippincott Williams & Wilkins

sharing frequency and injections per syringe will be even
more efficient (Figs. 3A, B).

The number of times each syringe is used can be
practically decreased by greater dissemination of sterile

12 . ; I 4 T
HIV
10l *HOV o
. .y
8 0.;‘0

s A
'.»‘, &0'0:'0"

Average number of secondary
cases per IDU
(2]

Duration of injecting post-seroconversion (years)

FIGURE 2. The average number of secondary cases of HIV
(orange) and HCV (blue) transmission per IDU versus the
duration of injecting postseroconversion. The solid lines refer
to median simulations and the dashed line refers to one
secondary infection.
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syringes through NSPs. We estimated the expected population-
level incidence of HIV and HCV due to changes in syringe
distribution levels, under the assumption that changes in
supply of syringes alters the average number of times each
shared and nonshared syringe is used. In Figures 3C and D, we
present the expected change in HIV and HCV incidence due to
increases or decreases in the number of syringes distributed.
We found a nonlinear association between HIV and HCV
incidence and the number of syringes distributed (Figs. 3C,
D). Currently, approximately, 30 million syringes are
distributed annually through NSPs. We estimate that if
distribution was reduced to 10 million syringes, then annual
incidence would increase by a factor of ~3, to ~100 and
~31,000 HIV and HCV infections (Figs. 3C, D). A moderate
(one third) reduction in the distribution of syringes would
increase incidence by ~1.5-fold, to ~51 annual HIV and
~15,000 HCV infections each year (Figs. 3C, D). In contrast,
if the number of syringes distributed were doubled, to ~60
million per year, then the expected annual incidence would
decrease by ~50% to ~17 HIV infections and ~5100 HCV
infections (Figs. 3C, D).

DISCUSSION

Our mathematical model suggests that with current
levels of injecting drug use and patterns of risk behavior, the
annual distribution of 30 million sterile syringes in Australia
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has largely controlled HIV transmission among IDUs and that
HIV transmission will remain low if current programs remain
in place. In contrast, our model illustrates that HCV
transmission among IDUs continues to occur at high rates.
Furthermore, this model suggests that under most plausible
scenarios, several thousand people will continue to be infected
with HCV each year.

We found that to sustain an HIV epidemic, the average
duration of injecting post-HIV seroconversion is required to
be greater than 11.6 years (Fig. 2). It is reasonable to conclude
that this threshold is not reached and that HIV incidence
among Australian IDUs could be expected to remain low.
However, the HCV epidemic will be extremely difficult to
eradicate by decreasing the average duration of injecting
postseroconversion, which would require reducing this below
2.3 years (Fig. 2). Indeed, our model demonstrates that the 2
epidemics are in completely different phases: HIV infection
among IDUs is in a phase of control toward eradication (with
the reproduction ratio less than unity), whereas HCV is
endemic, and controlling incidence is not possible in the
foreseeable future (with the reproduction ratio substantially
greater than unity). Therefore, other feasible and effective
interventions that reduce HCV incidence are required.

Our analysis suggests that although HCV transmission is
unlikely to be eradicated, reductions in the number of times
each syringe is used, along with reductions in syringe-sharing
frequency, may have a substantial impact on HCV
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transmission (Figs. 3A, B). This qualitative result is certainly
not new. However, for the first time, we have developed a
quantitative relationship between expected incidence and the
level of syringe distribution by NSPs. This relationship is of
large value to Australian federal and state policy officials and
other stakeholders in discussions surrounding the effectiveness
of NSPs. Although our model is calibrated to Australian IDU
behavior and incidence, the relationship can be used to inform
stakeholders in other regions on the likely relative change in
incidence due to greater sterile syringe coverage.

Although education and counseling designed to reduce
syringe sharing may have a place, increasing syringe coverage
through NSPs is likely to be the most effective strategy to
reduce incident infections. Increasing syringe coverage aims to
decrease the number of times each syringe is shared and
reduce the frequency of sharing. Historically, Australia has
been able to effectively introduce NSPs and increase the
coverage of sterile injecting equipment. There is compelling
evidence that NSPs have been effective in preventing HIV
infection among IDUs and that Australia has one of the largest
and most comprehensive networks of NSPs internationally.’
Although these achievements should be applauded, greater
efforts are required to reduce the transmission of HCV. We
suggest that the saturation in demand has not been reached and
greater supply would result in greater coverage. It is difficult to
estimate the proportion of all IDUs that access NSPs, however,
the recent National Drug Strategy Household Survey revealed
that only 51% of those who had injected in the last 12 months
usually obtained their injecting equipment from public sector
NSPs.>® This indicates that there are opportunities for public
sector NSP services to increase client reach. Structural and
policy factors also limit access to current NSP services. With
the exception of pharmacy-based services, few NSPs operate
into the evening or are open on weekends. Although syringe
dispensing machines operate 24 hours a day, these are not
operational throughout Australia. There are also limits on the
quantity and range of syringes freely available at some NSP
services. Secondary exchange of sterile needles and syringes
(from one IDU to another) is prohibited in most states
and territories, and there are some locations where there is
demand for NSP but where services are not well developed.
These factors suggest that syringe distribution in Australia is
limited by supply rather than demand and that increased
coverage is possible.

The additional resources required to increase (or double)
distribution depend on the methods employed to achieve this
aim. Expansion of opening hours and the establishment of new
NSP outlets would require significant additional resources, and
these measures would most likely be necessary to achieve
a doubling of syringe distribution. However, other measures to
increase syringe distribution, such as the relaxation of
restrictions on the quantity and range of syringes freely
available to NSP clients, the removal of impediments to allow
secondary exchange by IDU, and the installation of additional
syringe vending machines could all be implemented at
relatively low cost. In Australia, the costs associated with
procurement of needles and syringes are estimated at
approximately a quarter of total NSP service budgets. If the
above-mentioned low-cost measures were implemented across
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Australia, a 10% increase in syringe distribution could
theoretically be achieved with a modest 2% increase in the
total NSP budget.

There are several limitations to our approach. First, our
models were based on current levels of injecting drug use.
Previous work,’ and the experience in Australia after a national
reduction in heroin supply in late 2000/early 2001, has shown
that HCV transmission can be reduced if the number of IDUs
can be reduced. We did not consider this in our model, but, if
the behavior of IDUs remains constant, greater numbers of
people injecting drugs will result in more HIV and HCV
transmissions. We used a static model to investigate the
expected number of infections in a single year and not how
epidemics may evolve over time. A dynamic model would
need to consider factors that influence prevalence and the IDU
population over time such as mortality, immigration, and
cessation of drug injection. Second, our models do not account
for HIVor HCV treatment, both of which suppress or eradicate
viral replication and could be expected to reduce the risk of
transmission. However, rates of HCV treatment uptake by
active IDUs are very low in Australia, and the population-level
effect on transmission rates can be largely discounted. There is
a lack of data on rates of HIV treatment among active IDUs.
However, we calibrated our models to current levels of HIV
transmission and so our results are broadly applicable as long
as current rates of HIV treatment in active IDUs remain stable.
Third, our models are based on a number of assumptions.
Although we have based our assumptions on available data,
these data are based on nonrandom samples or case
notifications. Where possible we looked at different pro-
spective observational studies, using different methods and
sampling techniques, to obtain robust assumptions. Further-
more, we performed wide-ranging uncertainty analyses,
defining ranges of uncertainty around key assumptions, to
provide a sense of the robustness of our results. We developed
a static model of incidence to explore relationships between
key behavioral, biological, and epidemiological parameters
and expected annual incidence of HIV and HCV. This model
has also been useful to estimate how the expected incidence
may change due to changes in syringe distribution through
NSPs. Future modeling could investigate how such changes
may influence transmission dynamics of epidemics over a
longer period. However, as with all mathematical models,
assumptions should be reviewed critically and results
interpreted cautiously.

Our results support the need for a range of evidence-
based public health responses to prevent both primary and
secondary HIV and HCV transmission among IDUs. These
include biomedical and behavioral prevention interventions
which target injecting risk behaviors, interventions designed to
encourage early uptake of treatment, and increasing access to
HCV treatment. However, although HIV remains low and
stable among IDUs in Australia, even relatively minor
reductions in current levels of NSP coverage could result in
a significant increase in incident infections. The situation is
more severe for HCV where the background prevalence is high
and increased viral infectivity implies that eradication is
unlikely. Although reducing the duration of injecting alone is
unlikely to have a significant impact on the current epidemic,
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our model suggests that decreasing the number of times each
syringe is shared and reducing the frequency of sharing, by
doubling NSP coverage, is likely to halve the number of new
infections per year. Although our analysis supports the need
for a comprehensive HCV prevention strategy, NSPs remain
a key component and current gaps in coverage continue to
sustain the epidemic. Our results offer strong supportive
evidence of the large epidemiological benefits associated with
expanding NSP services. This should also include the estab-
lishment of NSPs in settings where there is demand and NSP
currently does not exist and considering alternative ways of
supplying clean injecting equipment such as extending
operating hours of NSPs, removing impediments to secondary
exchange, and increasing availability of syringe dispensing
machines. As we have shown, scaling up the distribution of
sterile syringes could result in significant reductions in HCV
transmission among IDUs, averting considerable morbidity
and mortality and decreasing associated costs.
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