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Abstract

A vaccination programme offering hepatitis B (HBV) vaccine at reception into prison has been introduced into selected prisons in England
and Wales. The work here considers the impact of prison vaccination on the incidence and prevalence of hepatitis B virus (HBV) in the
injecting drug user (IDU) population of England and Wales. A dynamic model of the transmission of HBV in IDUs is developed with key
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odel assumptions and parameters being subject to sensitivity analyses.
The base case model (that assumes that the vaccination coverage on prison reception is 5% in 2002, 10% in 2003 and then incre

p to 50% of prison receptions being vaccinated by 2006) predicts that the incidence of HBV in IDUs might be reduced by almost
ears, and the HBV prevalence (IDUs ever infected by HBV) may be reduced from approximately 18% in 2002 to 7% in 2015.
The model presented here demonstrates that HBV vaccination on prison reception can have a significant impact on the pre

ncidence of HBV in the IDU population over time.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Individuals that make up the injecting drug user (IDU)
opulation in England and Wales are at risk from blood-borne
iruses[1], due to the sharing of injecting paraphernalia. Data
ollected by the Health Protection Agency (HPA) in 2003[2]
uggested that amongst those cases of acute hepatitis B with
n identified risk factor, 34% are attributable to injecting drug
se. Many IDUs will spend some time incarcerated in prison

3] and so prison provides an opportunity to vaccinate this
ard to reach group against HBV. Data from the Unlinked
nonymous Prevalence Monitoring Programme survey of

DUs in contact with drug agencies in England and Wales
as shown that HBV vaccine uptake (receiving one or more
accine doses) in the IDU population has shown a steady

∗ Corresponding author. Tel.: +44 20 8327 7421; fax: +44 20 8200 7868.
E-mail address: andrew.sutton@hpa.org.uk (A.J. Sutton).

increase since 1998 up to over 40% in 2003[2]. However
the overall HBV vaccination coverage in the IDU populat
is likely to be lower than this as many IDUs are not in con
with drug agencies.

A model describing the IDU population and its fl
through prison has been developed that shows the pot
coverage of the HBV vaccination programme in prisons
the number of IDUs that may be vaccinated over time[4].
This work demonstrated that over a range of vaccination
narios, 57% of the IDU population might be vaccinated
2012 if coverage of 50% or more on prison reception cou
achieved across all prisons in England and Wales. How
this model does not show the impact that this vaccina
programme may have on the transmission of HBV within
IDU population in England and Wales.

The model proposed here describes the dynamics of
transmission in the IDU population of England and Wa
The work here takes estimates of the proportion of the

264-410X/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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population vaccinated from the model of the HBV vacci-
nation programme in prisons under a range of vaccination
scenarios and considers the effect of this programme on the
incidence of HBV in the IDU population in England and
Wales. Sensitivity analysis of the key model assumptions and
parameters is undertaken.

2. Methods

The model presented here considers the transmission of
HBV due to contact between IDUs. This represents the shar-
ing of injecting paraphernalia and other at-risk practices that
may lead to the transmission of blood-borne viruses; this may
also include the potential for transmission via sexual contact
between IDUs.

2.1. Model structure

Only the IDU population of England and Wales is consid-
ered with non-IDUs being excluded from this analysis, and it
is assumed that the IDU population is of fixed size and equal
to 160,000[5]. The results from the model of the HBV vacci-
nation programme in prisons in England and Wales have been
used here[4], and as this model considers only males, it has
been assumed here that female IDUs have the same offend-
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IDUs as they flow through prison, start and stop injecting
drugs, and return to prison due to recidivist behaviour. Over
a range of vaccination coverage scenarios, the model pre-
dicts the change over time in the vaccination status of new
entrants to prison, current prisoners and injecting drugs users
(IDUs) in the community. The model predicts up to 72% of
the injecting drug user population may be vaccinated depend-
ing on the vaccination scenario implemented. These results
were found to be sensitive to the size of the IDU popula-
tion in England and Wales and the average time served by
an IDU during each prison visit. This paper is available on
request[4].

2.2. Parameterisation

2.2.1. IDU population data
It has been assumed that an IDU has an average inject-

ing career length of 5.97 years. This estimate is taken from a
previous study in which an age-structured model describing
the initiation of injecting and the removal of injectors from
the IDU population and their evolution over time was fitted
to data by maximum likelihood[9]. Coupled with the fixed
IDU population size of 160,000 this leads toα = 26,801 IDUs
starting injecting each year. The removal rates are defined as
the rates that IDUs leave the IDU population due to either
the cessation of injecting or death. Assuming that the age
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ng characteristics as males. A brief review of this mod
escribed later.

Using a mathematical model of HBV natural history a
ransmission dynamics[6–8], the IDU population is stratifie
nto six epidemiological groups: those who are susc
le to infection, denoted (S); those who have been infe
ut are not yet infectious, (L); acute infections, (A), w
re in the initial highly infectious stage of infection; tho
ho are carriers, (C); vaccinated, (V), those that have
accinated and are immune from infection; and those
rotective immunity, (R), due to recovery from either c
ier or acute stages of infection. As the model include
njecting career length dependent force of infection (F
efined as the per capita rate at which susceptibles be

nfected, the IDU population is stratified by injecting car
ength.

IDUs enter the model at the start of the year into
rst injecting career length cohort. Thereafter individu
hange cohorts at the beginning of each new year. The
ith respect to both injecting career length and time
hich individuals flow from one epidemiological state
nother, are described by a system of differential equa
Appendix A).

.1.1. Modelling the HBV vaccination programme in
risons

A model has been developed to assess the potential im
f the HBV vaccination programme in prisons in England
ales on the vaccination coverage of prisoners, ex-priso

nd injecting drug users. The model describes non-IDUs
ependent removal rates from a previous study[9] are a rea
onable approximation of the rate at which IDUs leave
DU population, to be compatible with the model presen
ere, these removal rates are converted to be injecting c

ength dependent (seeAppendix A).

.3. The force of infection and transmission coefficients

The FOI estimates presented here are taken from a
ious study[10] (available on request) in which data fro
oluntary unlinked anonymous surveys performed on I
n contact with specialist agencies throughout England

ales were used to derive maximum likelihood estimate
he FOI for HBV, hepatitis C, and HIV in the IDU populati
nd how these may vary with injecting career length and
volved over time. This study considered the IDU popula
s being divided into two groups which have been ado
ere; new initiates, i.e. those injectors with an injecting ca

ength of less than 1 year, and experienced IDUs, i.e. t
njectors with an injecting career length of greater tha
ear. It was found that the FOI for HBV had not chan
rom 1999 to 2002 and so it is assumed here that the F
onstant within both of the discrete injecting career le
roups (seeAppendix A) prior to the introduction of priso
accination.

The transmission coefficients,βmn, are the per capita ra
f effective contact between two IDUs of career lengt
nd n (where an index = 1 represents those with an inje
areer length of less than 1 year; and 2 represents thos
career length of more than 1 year). They were calcu
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Table 1
The structure of the WAIFM matrix (βij) with values at baseline

i j

1 2

1 7.50× 10−5 4.62× 10−5

2 4.62× 10−5 2.85× 10−5

The injecting career length groups (numbered 1 to 2) refer to <1 year, and
1+ years, respectively.

from the equilibrium values ofλn the FOI for individuals in
group n and the number of carriers and acutes in the popula-
tion at steady state assuming proportional mixing. This type
of mixing arises when individuals make contacts with other
people in their own or other groups in proportion to the num-
ber of contacts that are supplied from each group[11] (see
Appendix A).

The estimates of the transmission coefficients for the ‘Who
acquires infection from whom’ (WAIFM) matrix are shown
in Table 1.

A summary of parameters is given inTable 2along with
a reference to the data source as appropriate.

2.4. Sensitivity analysis

To test the effect of the model assumptions on the results
obtained from the model a number of different tests of sen-
sitivity were undertaken, these are listed below:

1. Alternative values for the FOI in new initiates and expe-
rienced IDUs were applied. These estimates taken from a
previous study[10] are the values of the upper and lower
95% confidence intervals of the baseline values, and an
estimate of the FOI that is equal for both new initiates and
experienced IDUs (Upper, Lower, and Equal). These are

T
B

P

F

F

I
R
R
R
T

R

Table 3
FOI estimates (per person per year) used during sensitivity analysis

FOI λ1 λ2

Upper 0.1270 0.1170
Lower 0.0635 0.0264
Equal 0.0684 0.0684

Table 4
Values of the transmission coefficients (per year) as used during sensitivity
analysis for: (a) Mixing 1 and (b) Mixing 2

i = 1 i = 2

(a) Mixing 1
i = 1 1.48× 10−4 4.11× 10−5

i = 2 4.11× 10−5 4.11× 10−5

(b) Mixing 2
i = 1 2.80× 10−4

i = 2 5.40× 10−5

2. To test the assumption of proportional mixing, the effects
of alternative values of the transmission coefficients on
model results were investigated. The first set of values
assume that new initiates and experienced IDUs mix at the
same rate as experienced IDUs mix amongst themselves
(Mixing 1), and the second set of values assumes that there
is no mixing between new initiates and experienced IDUs
(Mixing 2). The mixing matrices for each of these mixing
assumptions (using the baseline FOI) is summarised in
Table 4.

2.5. Vaccination scenarios

A summary of the vaccination scenarios implemented is
provided inTable 5. The vaccination rates for the vaccina-
tion scenarios are calculated from the results obtained from
the model of the prison vaccination programme[4]. They
are for those IDUs that receive two or more doses of HBV
vaccine and incorporate the possibility that an IDU may be
vaccinated either in the community or in the prison. It is
assumed that an IDU is protected from HBV if they have
received 2+ doses of vaccine. The rates for a selection of the
scenarios stratified by year and injecting career length are
shown inTables 6 and 7. Experienced IDUs are more likely
to have been incarcerated in the past than new initiates, and
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shown inTable 3.

able 2
aseline parameter estimates used in numerical simulations

arameter Symbol Value Data
sources

orce of infection in new
initiates prior to the
introduction of prison
vaccination

λ1 0.0936 per year [10]

orce of infection in
experienced IDUs prior
to the introduction of
prison vaccination

λ2 0.0577 per year [10]

DU population size 160000 [5]
ate of lose of latency σ 6 per year [7]
ecovery rate (acutes) γ1 4 per year [7]
ecovery rate (carriers) γ2 0.25 per year [7]
he proportion of those
with acute infection
that become a carrier

p 0.05 [7]

elative infectiousness of
carriers

δ 0.16 [7]
s recidivists are more likely to go to prison than first t
ffenders, this explains the higher vaccination rates for e
ienced IDUs compared to new initiates which can be see
ll scenarios (Tables 6 and 7). As the focus of this study is th

mpact of prison vaccination, the vaccination rate for IDU
he community is taken at a constant value for all vaccina
cenarios estimated to be 0.106/IDU/year[4]. For all vacci-
ation scenarios where vaccination is administered on p
eception, at each vaccination event 38% receive one do
accine, 28% receive two doses of vaccine, and 34% re
hree doses of vaccine. These statistics were taken fro
eporting of the HBV vaccination programme in prisons fr
anuary to June 2003.
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Table 5
Summary of vaccination scenarios

Vaccination scenario Description

England and Wales
(Scenarios A, B,
and C)

Vaccination coverage is administered to prison-
ers on reception into prison; coverage is 5% in
2002, 10% in 2003 and then a linear increase up
to 33% for scenario A, 50% for scenario B, and
66% for scenario C in 2006. Coverage is constant
thereafter (Table 6)

Age specific Vaccination coverage is administered from 2002
on reception into prison targeting specific age
groups. The age groups independently targeted
are 15–17 years, 18–29 years or 30+ years with
coverage that is constant over time of 30, 70 or
100%

Equilibrium Vaccination coverage is administered on recep-
tion into prison from 2002 onwards at a constant
rate until equilibrium has been reached. A num-
ber of alternative levels of vaccination coverage
are examined to see which would result in the
HBV prevalence (IDUs ever infected) reaching
zero (Table 7)

Campaign Ninety percent of prisoners receive three doses of
vaccine in 2003, and then from this point on vac-
cination on reception into prison is introduced at
80% coverage This represents a possible scenario
where a strong commitment to vaccinate all prison
inmates is introduced as was the case recently in
Scotland[19]. An alternative to this scenario sees
90% of prisoners receive three doses of vaccine in
2003, 2006, and 2009 with no further vaccination
administered in prison

Table 6
Vaccination rates/IDU/year for scenarios A, B, and C for England and Wales
applied to new initiates and experienced IDUs

Year Scenario

New initiates Experienced IDUs

A B C A B C

2002 0.01 0.01 0.01 0.13 0.13 0.13
2003 0.02 0.02 0.02 0.13 0.13 0.13
2004 0.04 0.04 0.04 0.13 0.13 0.13
2005 0.06 0.07 0.09 0.14 0.14 0.14
2006 0.08 0.11 0.14 0.15 0.15 0.15
2007 0.11 0.15 0.20 0.16 0.17 0.18
2008 0.11 0.16 0.21 0.17 0.19 0.22
2009 0.11 0.16 0.21 0.19 0.21 0.24
2010 0.12 0.17 0.22 0.19 0.23 0.26
2011 0.12 0.17 0.22 0.20 0.24 0.28
2012 0.12 0.17 0.22 0.21 0.24 0.28
2013 0.12 0.18 0.23 0.21 0.25 0.29
2014 0.13 0.18 0.23 0.21 0.25 0.29
2015 0.13 0.18 0.23 0.21 0.25 0.29

Where each scenario assumes a vaccination coverage of 5% on prison recep
tion in 2002, 10% in 2003 and then a linear increase of up to constant 33%
in 2006 for Scenario A, 50% for Scenario B, and 66% for Scenario C[7].

3. Results

The results for each of the vaccination scenarios described
in the methods are shown below. In all cases HBV prevalence
is defined as the proportion of IDUs in the overall population

Table 7
Vaccination rates/IDU/year for the equilibrium scenarios applied to new
initiates and experienced IDUs

Vaccination coverage on reception
into prison implemented from 2002
onwards (%)

New initiates Experienced
IDUs

5 0.03 0.14
10 0.05 0.15
15 0.07 0.17
20 0.09 0.18
25 0.11 0.19

that have ever been infected by HBV, i.e. having antibody
to HBV (anti-HBc), while the acute infections here may be
symptomatic or asymptomatic.

3.1. England and Wales scenarios

Prior to the introduction of the prison vaccination pro-
gramme it is estimated that despite the presence of commu-
nity vaccination there were approximately 326 new initiates
and over 912 experienced IDUs acutely infected from HBV
in England and Wales in 2002. The overall HBV prevalence
in the IDU population in 2002 was 18% with the HBV preva-
lence in new initiates and experienced IDUs being 7 and 20%,
respectively.

If there had been no community vaccination prior to 2002,
then it is estimated that the prevalence of HBV in 2002 in the
IDU population would be over 22% (approximately 8% and
26% in new initiates and experienced IDUs, respectively). No
community vaccination would lead to the annual number of
acute infections in new initiates and experienced IDUs being
estimated at 328 and 1279, respectively.

The impact of prison vaccination on the incidence of HBV
in new initiates and experienced IDUs within the overall IDU
population of England and Wales is shown inFig. 1. The
results show that as the vaccination rate increases over time
t ced
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he incidence of HBV in both new initiates and experien
DUs decreases over time. A high proportion of the t
umber of acute infections of HBV in new initiates can
een with over 25% occurring in the new initiates acros
ears.

The implementation of the baseline vaccination scen
scenario B) results in the total number of acute case
BV being reduced by approximately 35% by 2008 and
y almost 80% in 2014. If vaccination coverage can re
6% of all prison receptions by 2006 (scenario C) then

otal acute cases within the IDU population can be red
y approximately 40% in 2008 and 85% by 2014. Howe
ven if the vaccination coverage on prison reception
eaches 33% of all prison receptions by 2006 (scenar
hen the total acute cases within the IDU population will
e reduced by approximately 27% in 2008 and 65% by 2

The impact of the England and Wales scenarios on H
revalence in England and Wales in 2015 is shown inFig. 2.

t can be seen that assuming that the characteristics o
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Fig. 1. The estimated annual number of acute infections of HBV in the IDU population and new initiates with variations in the prison vaccination scenario.

Fig. 2. The estimated HBV prevalence in IDUs in 2015 with variations in
the vaccination scenario implemented.

IDU population do not significantly change over this period
and there is no vaccination either in prison or the community,
the HBV prevalence in 2015 will be approximately 22%.
If vaccination is implemented on reception into prison and
coupled with community vaccination (scenarios A, B, and C),
it is estimated that HBV prevalence in the IDU population can
be reduced to fewer than 10% by 2015.

3.2. Age specific scenarios

The impact of applying alternative age specific vaccina-
tion scenarios on the HBV prevalence in the IDU population
in 2015 is shown inTable 8. It can be seen that a targeted
vaccination strategy targeting 18–29 years which represents
49% of the prison population at 30% coverage has a substan-
tial effect on HBV prevalence reducing it by almost 50%. In
the case of the 15–17 year olds, it is unsurprising to find that

Table 8
The impact of alternative age specific vaccination scenarios on the HBV
prevalence in the IDU population in 2015

Coverage (%) Age group vaccinated

15–17 18–29 30+ All

0 18.1% 18.1% 18.1% 18.1%
30 16.7% 9.7% 16.0% 7.8%
70 15.3% 4.8% 14.5% 3.6%

1 %

targeting this age group was the least effective vaccination
strategy given that this age group represents only 4% of the
prison population. However, despite approximately 47% of
the prison population being represented by over 30 year olds,
targeting this age group for prison vaccination was still found
to be largely ineffective[12].

3.3. Equilibrium scenario results

It can be seen (Fig. 3) that the HBV prevalence within
the IDU population may reach zero when the vaccination
coverage on prison reception is between 20% and 25%. While
this result is subject to a number of caveats and may not
occur for many years (000s) it does show the potential long
term impact of the HBV vaccination programme on prison
reception on HBV transmission within the IDU population.

3.4. Campaign scenarios

The impact of two alternative campaign vaccination sce-
narios described in the methods is shown inFig. 4. It can
be seen that if a campaign is administered in 2003 and this
is followed up by a high level of vaccination coverage on
prison reception, this can have a significant effect on the HBV
prevalence within the IDU population dropping to less than

F recep-
t

00 14.4% 3.4% 13.3% 2.5

ig. 3. The relationship between the vaccination coverage on prison

ion and the post-vaccination equilibrium.
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Fig. 4. The impact of alternative campaign vaccination scenarios on the
prevalence of HBV within the IDU population over time.

2% within 15 years. The impact of administering a vaccina-
tion campaign every three years from 2003 until 2009 can
also be seen inFig. 4. It can be seen that while this strategy
does have a positive effect on HBV prevalence, if this is not
sustained, then 7 years after the final pulse vaccination the
HBV prevalence once again begins to rise.

3.5. Sensitivity analysis

The effect on the baseline vaccination scenario of varying
the estimated force of infection in new initiates and experi-

enced IDUs is shown inFig. 5. It can be seen that alternative
values of the FOI have the potential to have a substantial effect
on the HBV incidence estimates obtained from the model.

The impact of varying the proportional mixing assump-
tion is shown inFig. 6. It can be seen either assuming that the
rates of mixing are dominated by experienced IDUs (Mixing
1) or assuming that there is no mixing between new initi-
ates and experienced IDUs (Mixing 2) has very little impact
on the estimated number of acute cases of HBV in the IDU
population.

4. Discussion

Using a deterministic model to describe the epidemiol-
ogy of HBV within the IDU population, the work here shows
the potential impact of the HBV vaccination programme in
prisons on the incidence and prevalence of HBV in the IDU
population in England and Wales. Over a range of vaccina-
tion scenarios the model shows that increased coverage of
HBV vaccination on prison reception can have a substantial
effect on the incidence of HBV within the IDU population
over time. Indeed, the base case model (that assumes that the
vaccination coverage on prison reception is 5% in 2002, 10%
in 2003 and then increases linearly up to 50% of prison recep-
t ce of
H ars
f

Fig. 5. The estimated annual number of acute infections of H
Fig. 6. The estimated annual number of acute cases in the IDU po
ions being vaccinated by 2006) predicts that the inciden
BV in IDUs might be reduced by almost 80% in 12 ye

rom over 1200 acute cases down to less than 300.

BV in the IDU population with variations in the estimated FOI.
pulation with variations in estimations of the transmission coefficients.
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It has been assumed that the IDU population can be divided
into two groups, those new initiates with an injecting career
length of less than 1 year, and experienced IDUs with an
injecting career length of greater than 1 year. This finding
can be justified when considering the FOI estimates[10]
which are substantially higher in new initiates compared to
more experienced IDUs. While it is acknowledged that this
is almost certainly an over simplification of the process by
which IDUs interact, its simplicity makes model parameter-
isation easier based on data currently available. However, it
has been shown that there may also be individual heterogene-
ity of risk behaviour within the IDU population that is inde-
pendent of injecting career length[10]. Although the model
structure proposed here does not allow for this possibility,
future work may involve the modification of the model struc-
ture by assigning IDUs based on their injecting behaviour to
be either high-risk or low-risk from blood-borne viruses.

From a previous modelling study[10] no statistically sig-
nificant variation in the FOI over time in IDUs was detected
from 1999 to 2002 when fitting a model to HBV prevalence
data[2] of IDUs in England and Wales. It has therefore been
assumed that there is no variation in the FOI through time
prior to the introduction of prison vaccination. However, the
impact of using a dynamic model in which the FOI is not
fixed [13] inevitably results in a decrease in the FOI over
time when vaccination is introduced.
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age on prison reception results in a reduction in the number
of acute cases of HBV in both new initiates to injecting and in
experienced IDUs over time. Allowing for community vac-
cination the total number of acute HBV infections in 2002 in
the IDU population in England and Wales was estimated from
the model to be approximately 1200; this includes all acute
cases of HBV both asymptomatic and symptomatic. To ver-
ify this result it can be compared to the number of acute cases
of HBV in England and Wales with a risk factor associated
with injecting drug use as reported to the Health Protection
Agency in 2002[14], this was found to be 193. However, after
adjusting for under-reporting[15] and asymptomatic infec-
tion [1], the annual number of acute infections is estimated
at 1100 cases, suggesting that the model is providing a rea-
sonable estimation of the number of acute HBV infections in
the IDU population in England and Wales.

The vaccination scenarios here were estimated in 2004
when results from the model of the prison vaccination pro-
gramme in prisons were being obtained[4]. These same
scenarios have been implemented here to show how they
would impact on HBV transmission in the IDU population
in England and Wales. If the vaccination coverage on prison
reception described by these scenarios has been over esti-
mated then the future impact on HBV transmission within
the IDU population may be less than shown here. Indeed
from January to December 2003 vaccination coverage across
p
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The rates that IDUs are vaccinated were calculated
esults obtained from a model of the HBV vaccination p
ramme in prisons[4]. This model describes the flow of IDU

hrough prison, and estimates the number of IDUs tha
accinated under a range of alternative vaccination sc
os. This model relies heavily on data obtained from a pr
urvey conducted in 1997[3] and so any changes in t
haracteristics of the imprisoned IDU population that h
ccurred since 1997 may not be adequately represen

he model. However, surveys of sufficient size to draw c
lusions about the offending characteristics across the w
f the IDU population in England and Wales are logistic
ifficult to implement and none have been undertaken s
997.

As has been shown during the sensitivity analysis o
odel of the HBV vaccination programme in prisons[4] the
stimated size of the IDU population has a large impact o
stimated proportion of the IDU population that may be
inated on prison reception. A larger IDU population res
n a smaller proportion of IDUs being exposed to vacc
ion on prison reception and this will inevitably have les
n impact on HBV transmission within the IDU populati
esults obtained here based on an assumed IDU popu
ize of 160,000 provide estimates of the number of a
ases and HBV prevalence within the IDU population
an be broadly validated by data[2,14] (see below), howeve
ore work must be done to estimate the size of this ha

each population.
Over a range of vaccination scenarios the results from

odel have shown that an increase in the vaccination c
risons in England and Wales remained low[16] this being
artially due to the small proportion of prisons participatin

he vaccination programme. However, the hypothetical va
ation scenarios investigated here do show that relativel
accination coverage on prison reception might ultima
esult in HBV elimination in the IDU population (Fig. 3),
hile even the scenario that describes the lowest vaccin
overage on prison reception (Scenario A) has a subst
ffect on acute HBV infection (Fig. 1).

The impact on the HBV prevalence within the IDU po
lation over a range of hypothetical vaccination scena
as also investigated. It was found that targeting the 1
ge group had the greatest impact on HBV prevalence,
ared to the 15–17 age group and 30+ age groups. Alth

argeting age groups of different sizes will inevitably fav
he larger age groups it is likely that this result is due
he majority of IDUs being aged from 18 to 29. However,
odel of the HBV vaccination programme in prisons assu

hat the likelihood of starting injecting is the same irresp
ive of imprisonment status, whereas it is likely that pers
hat have previously been imprisoned are more likely to
njecting than those that have not, which suggests tha
mpact on HBV prevalence of vaccinating young prison

ay be underrepresented here.
The equilibrium scenarios were examined to see w

evels of constant vaccination coverage on prison rece
ould result in the HBV prevalence reducing to zero. It

ound that under base case assumptions a vaccinatio
f between 20 and 25% would ultimately result in the H
revalence in the IDU population reducing to zero. W
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this result is interesting it is subject to a number of caveats.
It is assumed both that the characteristics of the IDU popula-
tion both inside and outside prison and the characteristics of
the prison population are reasonably approximated here and
remain constant over the same time period, which is unlikely
particularly given that equilibrium is not reached for thou-
sands of years. While these are important caveats and should
not be overlooked it does show that prison vaccination on
reception has the potential to impact upon HBV prevalence
within the IDU population in a substantial way.

The assumption that there is proportional mixing between
new initiates and experienced IDUs was tested during the
sensitivity analysis. It was assumed that the rate that the two
groups interact was dominated by experienced IDUs, and
alternatively it was assumed that there was no mixing between
the groups. In each case it was found that the model results
are not sensitive to these changes.

As has already been discussed the FOI estimates were
taken from a previous analysis of IDUs in contact with ser-
vices [4], to test their impact on model results alternative
plausible FOI estimates were substituted[4]. It was found
that the force of infection estimates have a major impact on
the results obtained from the model particularly when the
FOI is estimated to be the same in both groups suggesting
that future work should be aimed at verifying these param-
eter values. It was assumed that the FOI estimates applied
h while
t ison
a will
a ome
a side
a odel.
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t are
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a ther
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p ng-
l
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i s to
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I on,
( t on
H nd
a

ina-
t r
t and
d ison
b uture

work may consider the cost-effectiveness of alternative HBV
vaccination scenarios (e.g. pulse versus continuous vaccina-
tion) that target prisoners in England and Wales and this may
inform as to the best way to deliver the programme. Future
work may also consider more complicated models that better
represent the characteristics of the IDU population; these may
incorporate the number of injections, the number of partners,
and may include the possibility of interaction between buddy
and stranger users[18]. However, more complex models will
rely on detailed data with which to parameterise them and
this may not be readily available.
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Appendix A

A.1. Mathematical structure

The differential equations for the deterministic model are
a

w
r d
a riers,
r y,
t ates.)
T rep-
r ar
a ented
b

ere were the same both inside and outside prison,
his is a bold assumption, obtaining data from which pr
nd community specific FOI estimates can be estimated
lways prove problematic. As better FOI estimates bec
vailable that can distinguish the risk of infection both in
nd outside prison, these can be incorporated into the m

To verify whether the results obtained from this mode
reasonable estimation of the impact of the HBV vacc

ion programme in prisons on the transmission of HBV
he IDU population, reports of acute cases of HBV that
eported to the HPA in future years can be compared t
esults presented here. Allowing for asymptomatic infec
nd underreporting, it will then be possible to verify whe

he estimated impact of the HBV vaccination programm
risons on HBV transmission in the IDU population in E

and and Wales is correct.
An important caveat within this work is that HBV tran

ission by non-IDUs has not been explored within
odel. While it is likely that HBV will never be eradicat

n the IDU population due to transmission from non-IDU
DUs, prison vaccination will inevitably capture many n
DUs that have increased risk factors from HBV infecti
e.g. sex workers) and this will have a positive impac
BV transmission within the overall population of Engla
nd Wales.

A previous U.S. study has suggested that HBV vacc
ion on prison reception may be cost effective[17], howeve
his study is limited as it is specific to prisons in the U.S.
oes not consider the on-going impact over time of pr
ased vaccination on HBV transmission. Nevertheless f
s follows:

dS0

dt
= α − µ0S0 − λ0(t)S0 − v0(t)S0 (1)

dSi

dt
= −µiSi − λi(t)Si − vi(t)Si, wherei = 1, 2, 3, etc.

(2)

dLi

dt
= λi(t)Si − µiLi − σLi (3)

dAi

dt
= σLi − µiAi − γ1Ai (4)

dCi

dt
= pγ1Ai − µiCi − γ2Ci (5)

dRi

dt
= (1 − p)γ1Ai + γ2Ci − µiRi (6)

dVi

dt
= vi(t)Si − µiVi (7)

herei represents the injecting career length class,σ rep-
esents the rate at which latents become infectious, anγ1
ndγ2 are the recovery rates of acute infections and car
espectively. (Note that 1/σ, 1/γ1 and 1/γ2 are, respectivel
he average duration of the latent, acute and carrier st
he number of new IDUs that start injecting each year is
esented byα. The probability that an individual fails to cle
n acute infection and develops the carrier state is repres
y p.
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The rate at which with injecting career lengthi individuals
leave the IDU population is denotedµi (dependent of inject-
ing career length and time). The vaccination rate is denoted as
vi(t). The FOIλi(t), also depends on injecting career length
and time. The FOI acting on susceptibles with an injecting
career length ofi at timet is assumed to be:

λi(t) =
j=ρ∑

j=0

βij[A(t)j + δC(t)j] (8)

whereβij describes the transmission coefficient between sus-
ceptibles of injecting career lengthi and infectious individ-
uals (both carriers and acute infections) of injecting career
lengthj, andδ represents the relative infectiousness of carri-
ers compared with acute infections[7] andρ is the number of
injecting career length classes. The initial conditionsXi(* ),
Li(* ), Ai(* ), Ci(* ), Ri(* ), andVi(* ) are the numbers of IDUs
of injecting career lengthi, in each state at time equal to 0
and are taken to be the equilibrium number of susceptibles,
latents, acutes, carriers, immunes, and vaccinated prior to the
introduction of prison vaccination (but with community vac-
cination). This was found by setting the time derivatives to
zero and solving the resulting set of simultaneous equations
to yield the equilibrium numbers of susceptibles, latents and
so on.

A
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a

gth
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a

µ

A

ct-
i ting
c crete
i ing

two equations:

λ1 = β11

i=1∑

i=0

(Ai + δCi) + β12

i=∞∑

i=1

(Ai + δCi) (12)

λ2 = β21

i=1∑

i=0

(Ai + δCi) + β22

i=∞∑

i=1

(Ai + δCi) (13)

where
λ1 is the FOI for those IDUs with an injecting career length

of <1 years,λ2 is the FOI for those IDUs with an injecting
career length of 1+ years.

A.4. Proportional mixing

For proportional mixingβij is defined as:

βij = didjNj

diNi + djNj

(14)

wheredi is the effective contact rate for individuals in group
i, andNi is the number of individuals in groupi.
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