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The authors explored an age-specific back-calculation approach to estimating long-term trends in the incidence
and prevalence of opiate use/injecting drug use (IDU) in England for 1968-2000. The incidence of opiate use/
IDU was estimated by combining information on the observed opiate overdose deaths of persons aged 15—44
years with knowledge on the distribution of the time between starting opiate use/IDU and death by overdose
(incubation time distribution). The resulting incidence, together with the incubation time distribution, other drug-
related mortality, and the general age-specific mortality rate, was then used to estimate the prevalence of current
and former users. Provisional estimates suggested two major increases in incidence in the late 1970s and early
1990s, with models including information on age at death suggesting a recent decline since 1997 and that
prevalence of opiate use/IDU increased substantially in the 1990s. Results were crucially dependent on
assumptions about key parameters of the back-calculation framework. In theory, the approach is a valuable
addition to the portfolio of indirect methods for estimating incidence and prevalence of dependent opiate use/IDU.
In practice, its full potential will be realized only once better information on the process of stopping opiate use/
IDU becomes available and more precise estimates of current and historical overdose mortality are obtained.
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Abbreviations: EM, expectation-maximization; HIV, human immunodeficiency virus; IDU, injecting drug use.

The lack of evidence on trends in the prevalence and inci-
dence of opiate use/injecting drug use (IDU) and IDU behav-
iors in the population is an ongoing problem that hinders
effective drug policy and public health action (1). Opiate
use/IDU poses significant public health problems.
Epidemics of human immunodeficiency virus (HIV) can be
mediated through IDU; in many countries, hepatitis C virus
morbidity is associated with the size of the current and
former injecting population, and mortality due to opiate use/
IDU is approximately 1 percent per year, 10-20 times higher
than in the general population (1-3).

Heroin use and IDU are chronic, relapsing conditions.
Some persons manage to stop using drugs relatively quickly,
while others may experience multiple episodes of treatment

and imprisonment before ceasing use (4, 5). Interventions
such as setting up specialist drug treatment centers and
needle exchange services can minimize the harm associated
with IDU. Strategies to prevent such use and accelerate tran-
sitions away from injecting are being encouraged (6).
However, without evidence on the prevalence and incidence
of IDU in the population, policy makers and public health
advocates are unable to estimate the likely coverage of inter-
ventions and are therefore unable to evaluate the magnitude
of the unmet need. Equally, without information on long-
term trends in incidence and prevalence, the effectiveness of
policy and strategies to prevent IDU and its associated harms
cannot be judged, nor can services be effectively planned to
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deal with its long-term consequences (e.g., treatment of
hepatitis C virus infection) (7).

Unfortunately, assessment of the likely magnitude of
opiate use/IDU, especially long-term trends, is not straight-
forward partly because opiate users and injecting drug users
represent an elusive and marginalized population (8). Tradi-
tional general-population survey methods do not work
because they lack power and are subject to substantial
response biases (9). Routine monitoring of the number of
opiate users (e.g., with statistics from drug treatment, syringe
exchange programs, or criminal justice) not only produces
underestimates but also is subject to the usual limitations of
many disease surveillance systems (10). Reported trends
typically will be affected by factors such as underreporting
and changes in policy that, unrelated to the underlying
phenomenon of interest, make interpretation difficult. Exten-
sive progress has been made on using routine data, especially
through capture-recapture techniques, to generate preva-
lence estimates (11-13). However, these estimates are snap-
shots and do not give information on the direction of the
underlying incidence. The likely high cost and complexity of
following up a cohort of susceptible persons make direct
estimation of the current incidence of IDU impractical. Little
attention has been given to indirect methods for estimating
long-term trends in incidence and prevalence, which also are
important in the context of monitoring a chronic problem
and are the subject of this paper (1, 14).

We have already pointed out parallels between the
problem of estimating the incidence of HIV and that of esti-
mating the incidence of opiate use/IDU. In a previous paper,
we adapted a lag correction method to estimate the “relative
incidence” of opiate use from trends in drug treatment data
(15). However, we were unable to estimate the absolute inci-
dence, or prevalence, because information on the proportion
of heroin users entering treatment was unavailable. In the
present paper, we consider the use of back-calculation in
drug misuse epidemiology.

Back-calculation works on the basis that the incidence of
arelevant disease endpoint a and the incidence of the infec-
tion resulting in the endpoint b are related through the incu-
bation time ¢ between the infection and development of the
endpoint (16). Knowledge of any two of the three compo-
nents—a, b, and c—allows estimation of the third. Typi-
cally, the distribution of the incubation time and the
incidence of the endpoint are assumed known, and the inci-
dence of the infection leading to trends in the endpoint is
estimated. This method has been applied to HIV and other
diseases with a long incubation time, such as Creutzfeldt-
Jakob disease, and it can be adopted for the current problem
of estimating the incidence of opiate use (17, 18). In the
context of opiate use/IDU, a natural choice for the observed
endpoint in a back-calculation setup would be the inci-
dence of deaths due to opiate overdose. Therefore, the incu-
bation distribution is the distribution of the time between
starting opiate use/IDU and death from such use, without
having stopped.

We can approximate the complexity of the natural history
of injecting sufficiently to model its evolution, as if it were a
chronic disease. Doing so is not new, as others have
observed the typical pattern of injecting spreading among
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young people and have described it in terms of an epidemic
(14, 19). In particular, Law et al. (18) introduced the use of
back-calculation to estimate the number of injecting drug
users in Australia. In the present paper, we extend the
method to allow greater variation in key parameters,
including age-specific overdose mortality, cessation rate,
and age at first injection (20, 21). We illustrate the method
by using trends in overdose mortality in England from 1968
to 2000 to obtain a range of incidence and prevalence esti-
mates of opiate use/IDU over time and the number of current
and former users.

MATERIALS AND METHODS

The statistical methods are given in more detail in the
Appendix. Briefly, trends in opiate overdose deaths and esti-
mates of the opiate overdose mortality rate and opiate use/
IDU cessation rate are used in a back-calculation framework
to estimate the number of new opiate users over time. The
resulting estimates of incidence, the same information on the
cessation rate and drug-related mortality (from opiate over-
dose and from other causes), are then combined to estimate
the prevalence of “current” drug use. We also estimate the
number of former users in the population. In total, 12 back-
calculation models were specified (refer to the information
below).

Epidemiologic studies suggest that the majority of adult
opiate overdose deaths are attributable to dependent heroin
users who inject (22). However, throughout this paper, we
refer to the target population as opiate users/injecting drug
users rather than heroin users or injecting drug users because
routine mortality statistics refer to opiates and do not record
route of administration.

Overdose deaths

The number of deaths by underlying cause of death, 5-year
age group, and calendar year from 1968 to 2000 was
provided by the Office for National Statistics. These data
were coded by using two versions of the International Clas-
sification of Diseases: the Eighth Revision (1968—1978) and
the Ninth Revision (1979-2000). Table 1 shows the selected
underlying causes of death.

Deaths coded as drug dependence and abuse were
included because, in 99 percent of cases when a drug was
specified on the death certificate, it was an opiate (Clare
Griffiths, Office for National Statistics, personal communi-
cation, 2002) (23). Deaths classified as “open verdicts” or
“suicide” had to be excluded because the underlying Interna-
tional Classification of Diseases codes do not distinguish
opiates from other analgesics, such as paracetamol. The age
range was restricted to 15—44 years to reduce the chance of
including children and older adults who may not be depen-
dent opiate users.

Incubation time distribution parameters

Cessation rate. The cessation rate is a measure of the
average length of time between starting and stopping opiate
use/IDU expressed as the proportion of persons ceasing
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TABLE 1. Opiate overdose deaths in England, 1968-2000: causes of death extracted from

routine mortality data

IcD c o Plfoportion
version® ode Definition |Sr;td(aoza;
ICD-8 3040 Drug dependence—opium alkaloids and their derivatives 1
ICD-8 3041 Drug dependence—synthetic analgesics with morphine-like effects 1
ICD-8 E8530 Accidental poisoning—opiates and synthetic analogues 2
ICD-9 3040 Drug dependence—morphine 27
ICD-9 3047 Drug dependence—combinations of morphine and any other drug 6
ICD-9 3055 Nondependent abuse of drugs—morphine 20
ICD-9 E8500 Accidental poisoning—opiates and related narcotics 44

* |CD-8, International Classification of Diseases, Eighth Revision; ICD-9, International

Classification of Diseases, Ninth Revision.

such use per year. In three recent modeling exercises,
different rates were used. Law et al. (18) assumed a
constant yearly cessation rate of 0.05, suggesting an
average length of injecting of 20 years and a median of
about 13 years; Kaplan (24) estimated the cessation rate to
be substantially higher at approximately 0.12 per year,
giving an average injecting career of 8 years and a median
of just over 5; and Pollack (25) assumed that the true cessa-
tion rate lay somewhere in between and adopted a rate of
0.09, giving an average injecting career of 11 years and a
median of about 8. Given this uncertainty, in this paper we
used these three estimates of the cessation rate: 0.05, 0.09,
and 0.12.

Mortality rate. In the original Australian study, a constant
yearly overdose mortality rate of 0.8 percent was assumed
(2, 18), whereas most cohort studies show that the risk of
overdose mortality increases with age (22, 26). In this paper,
estimates of mortality rates were derived from a published
study on a cohort of about 93,000 opiate addicts notified to
the United Kingdom Home Office from 1968 to 1993; drug-
related deaths were reported by calendar period and age
group (table 2) (27). Opiate mortality rates were imputed
from information given in the published study, assuming that
1) 80 percent of the drug-related mortality in the cohort was

due to an accidental overdose; 2) before 1976, deaths
recorded as accidental poisoning were due in equal propor-
tion to barbiturates and opiate use; 3) after 1976, the propor-
tion of such deaths related to opiate use increased to 90
percent; and 4) given the lack of information after 1993,
rates from 1994 to 2000 remained at the same level as in
1993.

The overall opiate overdose mortality rate, independent of
calendar year or age, was estimated to be 0.75 percent per
year. We assumed that once opiate users cease use, they
experience the age-specific mortality rate of the general
population.

Age at first injection. It has long been recognized that
young people are more susceptible to opiate use/IDU and
that the average age at initiation may be stable over a specific
geographic area and time period (14). Recent surveys of IDU
in England (28) have suggested a mean age at starting of 22
years (median, 20; mode, 17). This information is used, for
example, to fix age susceptibility in the fourth set of models,
whereas, in the first three models, the age susceptibility
parameter is estimated.

Models. The following models, each with three annual
cessation rates (0.05, 0.09, 0.12), were investigated:

TABLE 2. Estimates (%) of drug-related and opiate overdose mortality in England by

calendar period and age group

Age-group (years)

Calendar 15-24 25-34 35-44
mortality overdose mortality overdose mortality overdose
1968-1976 1.43 0.72 1.68 0.67 1.68 0.67
1977-1983 0.56 0.50 1.60 1.15 1.60 1.15
1984-2000 0.32 0.29 0.83 0.60 1.39 1.00

* Adapted from Ghodse et al. (27).
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FIGURE 1. Number of deaths and mortality rate due to opiate overdose in persons aged 15-44 years, England, 1968—2000.

* Model 1 uses the total number of overdose deaths by year
and a single, overall opiate overdose mortality rate (inde-
pendent of calendar year).

* Model 2 uses age-specific mortality data (annual number
of overdose deaths by age group) and a single, overall
opiate overdose mortality rate.

* Model 3 uses age-specific mortality data and allows the
opiate overdose mortality rate to vary by calendar period.

* Model 4 uses age-specific mortality data and allows the opi-
ate overdose mortality rate to vary by calendar period and
age group; it also fixes the distribution of age at first use.

Ninety-five percent confidence intervals for the unknown
quantities were generated by bootstrap methods (29) (refer to
the Appendix). These confidence intervals are shown for
one model only because the main source of uncertainty in the
results is model uncertainty rather than statistical
uncertainty.

RESULTS

In total, 7,375 deaths of persons aged 15-44 years were
coded as drug misuse or as accidental opiate overdose in the
period 1968-2000. Figure 1 shows that the number of opiate
overdose deaths increased 100-fold over time from nine in
1968 to more than 900 in 2000, with the mortality rate in the
general population aged 15-44 years increasing more than
80-fold from 0.05 per 100,000 in 1968 to 4.4 per 100,000 in
2000. Age at death also increased over time: before 1980, 80
percent of opiate overdose deaths were in those less than 30
years of age; from 1990 to 2000, 52 percent were associated
with persons less than 30 years of age.

Am J Epidemiol 2004;160:994—1004

Incidence

Figures 2, 3, and 4 show back-calculation estimates of the
trends in incidence of opiate use/IDU. These estimates illus-
trate a number of points. First, statistical uncertainty
(expressed by the 95 percent confidence intervals shown in
figure 2) is far smaller than model uncertainty except for the
most recent year, as shown by the difference between the
estimates from one model in which different cessation rates
were used (figure 2) and by the difference in the magnitude
of the estimates between four models when the same single-
cessation rate was adopted (figure 3). Second, by increasing
the cessation rate from 0.05 per year to 0.09 and 0.12, the
size of the incidence estimates increases by approximately
25 percent and 45 percent, respectively, as shown in figures
2 and 4. Third, in general, until 1995, the shape of the inci-
dence curves in figures 2, 3, and 4 looks similar: two
epidemic periods sandwiching an endemic period, with the
results suggesting a threefold increase in incidence between
1975 and 1979 and a five- to sixfold increase between 1987
and 1995. Fourth, the interplay between the age-specific
mortality rates and the distribution of the number of deaths
within each age group is potentially important (figures 3 and
4). Estimates obtained by introducing period- and age-
specific mortality rates applied to age-specific deaths (model
4) were generally larger than those derived from model 1,
where a constant mortality rate is applied to the total number
of deaths. Also note that results from models including the
extra information provided by age-specific deaths (models
2-4) suggest a potential recent decline in the incidence of
opiate use/IDU, which is not particularly supported by
model 1. However, it needs to be emphasized that incidence
in the recent past cannot be estimated very well by using this
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FIGURE 2. Back-calculation estimates of the incidence of opiate use/injecting drug use, England, 1968—2000: model using the total number of
opiate overdose deaths by year, a constant mortality rate, and three cessation rates. Model 1 uses the total number of overdose deaths by year
and a single overall opiate overdose mortality rate (independent of calendar year).
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FIGURE 3. Back-calculation estimates of the incidence of opiate use/injecting drug use, England, 1968—2000: four models and a single cessa-
tion rate of 0.05 per year. Model 1 uses the total number of overdose deaths by year and a single overall opiate overdose mortality rate (inde-
pendent of calendar year); model 2 uses age-specific mortality data (annual number of overdose deaths by age group) and a single overall opiate
overdose mortality rate; model 3 uses age-specific mortality data and allows the opiate overdose mortality rate to vary by calendar period; and
model 4 uses age-specific mortality data, allows the opiate overdose mortality rate to vary by calendar period and age group, and fixes the dis-
tribution of age at first use.
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FIGURE 4. Back-calculation estimates of the incidence of opiate use/injecting drug use, England, 1968—-2000: two models, each with three
cessation rates. Model 1 uses the total number of overdose deaths by year and a single overall opiate overdose mortality rate (independent of
calendar year); and model 4 uses age-specific mortality data, allows the opiate overdose mortality rate to vary by calendar period and age group,

and fixes the distribution of age at first use.

method (refer to the Appendix), so results need to be inter-
preted with caution.

Prevalence

Estimates of the current prevalence of opiate use,
derived from the estimated incidence, and assumed cessa-
tion rates and mortality rates are shown in figure 5. Only
four of the models specified are shown because current
prevalence is unaffected by variation in cessation rates.
The results suggest that the prevalence of opiate use has
continued to rise since the early 1970s, doubling between
1977 and 1982 and rising more than fourfold from 1987 to
1996. The models that include information on age at death
(models 2-4) suggest that prevalence, although still
increasing, may have slowed from 1996 onward, whereas
model 1 suggests that prevalence rose linearly throughout
the 1990s.

Mortality and former use

In addition to opiate overdose deaths, we estimated that
more than 10,000 opiate users/injecting drug users would
have died in 1968-2000 from other drug-related causes or

Am J Epidemiol 2004;160:994—1004

general mortality. England has a population of approxi-
mately 21 million aged 15-44 years. Table 3 summarizes
the back-calculation estimates of the incidence, prevalence,
number of former users (ceased injecting/opiate use and
still alive), and ever users (current and former) per 100
population for 2000. The estimate of former opiate use/
IDU is higher from models that include time- and age-
specific mortality data, and the ratio of current to former
users depends on the assumed cessation rate; for example,
the proportion of current to former users ranges from more
than 2:1 (70 percent:30 percent) to about 50:50 for cessa-
tion rates of 0.05 and 0.12, respectively. For 2000, esti-
mates of the incidence of opiate use/IDU in England ranged
from 13,100 (0.06 per 100 persons aged 15-44 years) to
26,800 (0.13 per 100 persons aged 15-44 years), preva-
lence ranged from 105,400 (0.5 percent) to 154,200 (0.73
percent), and ever use ranged from 154,100 (0.73 percent)
to 323,300 (1.5 percent).

DISCUSSION

We have explored a back-calculation method, building on
work initiated in Australia, that proposes using opiate over-
dose deaths over time and the probability of an opiate user
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FIGURE 5. Back-calculation estimates of prevalence of opiate use/injecting drug use, England, 1968—2000: four models. Model 1 uses the total
number of overdose deaths by year and a single overall opiate overdose mortality rate (independent of calendar year); model 2 uses age-specific
mortality data (annual number of overdose deaths by age group) and a single overall opiate overdose mortality rate; model 3 uses age-specific
mortality data and allows the opiate overdose mortality rate to vary by calendar period; and model 4 uses age-specific mortality data, allows the
opiate overdose mortality rate to vary by calendar period and age group, and fixes the distribution of age at first use.

dying from overdose to estimate the underlying historical applicability of back-calculation methods, data availability,
incidence and prevalence of opiate use/IDU (18). In this and quality; finally, we briefly address the credibility of
section of the paper, we first discuss issues related to the these estimates for England.

TABLE 3. Summary back-calculation estimates of the incidence, prevalence, and number of former and ever opiate users alive in
England, 2000*

) Model 1 Model 2 Model 3 Model 4
Estimate Ce?:ta;tlon No Rate/prevalence No Rate/prevalence No Rate/prevalence No Rate/prevalence
’ (%) ‘ (%) ' (%) ' (%)
Incidence 0.05 17,100 0.08 13,100 0.06 16,000 0.08 18,200 0.09
0.09 22,500 0.1 18,100 0.09 21,800 0.10 22,400 0.11
0.12 26,700 0.13 22,300 0.1 26,800 0.13 26,500 0.13
Prevalence 117,600 0.56 105,400 0.50 129,300 0.61 154,200 0.73
Former use 0.05 47,300 0.22 48,700 0.23 56,800 0.27 66,900 0.32
0.09 85,400 0.41 87,500 0.42 101,900 0.48 124,000 0.59
0.12 114,200 0.54 116,500 0.55 135,600 0.64 169,100 0.80
Ever use 0.05 164,900 0.78 154,100 0.73 186,100 0.88 221,100 1.05
0.09 203,000 0.96 192,900 0.92 231,200 1.10 278,200 1.32
0.12 231,800 1.10 221,900 1.05 264,900 1.26 323,300 1.53

* Model 1 uses the total number of overdose deaths by year and a single overall opiate overdose mortality rate (independent of calendar
year); model 2 uses age-specific mortality data (annual number of overdose deaths by age group) and a single overall opiate overdose mortality
rate; model 3 uses age-specific mortality data and allows the opiate overdose mortality rate to vary by calendar period; and model 4 uses age-
specific mortality data, allows the opiate overdose mortality rate to vary by calendar period and age group, and fixes the distribution of age at
first use.
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Back-calculation: assumptions, applicability, and utility

A number of conceptual and empirical limitations of the
approach need to be considered critically. For example, does
the method estimate an important population in public health
terms? The endpoint is opiate overdose deaths (as recorded
in England by the Office for National Statistics); therefore,
incidence will refer to opiate users at risk of death, that is,
dependent opiate users. It will exclude cocaine users and
“recreational” opiate users who have a low probability of
overdose death.

Does information on the “incubation distribution” relate
sufficiently to the observed endpoint? The relevant incuba-
tion period distribution for an endpoint such as opiate over-
dose deaths is given by the probability of death from an
opiate overdose within a given period after starting opiate
use. This probability is conditional on the subject not dying
of another drug-related cause or an overdose being misclas-
sified (30, 31). Clearly, HIV-positive opiate users may have
a higher death rate than HIV-negative opiate users, and other
subgroups of injecting drug users, such as those experi-
encing higher rates of imprisonment, also may have raised
mortality rates compared with other groups (22, 32). The
implication is that information on the mortality rate (opiate
and nonopiate) needs to be derived from contemporaneous
representative cohort studies of opiate users/injecting drug
users to allow for any misclassification and differential
mortality rates among subgroups of the population. The need
for unbiased estimates of the incubation distribution applies
to all examples of back-calculation, and any potential bias in
the estimation of the mortality rate certainly will have to be
explored further in sensitivity analyses. In addition, our esti-
mates of the overdose mortality rates were based on an inter-
pretation of published data, so the findings should be treated
with caution pending further analysis of the original histor-
ical data set and recruitment of new mortality cohort studies
@2n.

Is the incubation distribution oversimplified? In common
with many models of IDU, the cessation rate was expressed
as a continuous function, which is a simplification of the
pattern of opiate use/IDU over time (18, 24, 25). In truth, as
several cohort studies have shown, a proportion of opiate
users/injecting drug users will have repeated periods of
recovery and relapse before death or cessation of use (33—
36). This problem needs further investigation to test whether
the assumption of uninterrupted drug use until complete
cessation is adequate or whether the back-calculation formu-
lation should be complicated further to take account of
multiple periods of IDU over time. This problem is not
unique to drug use because chronic diseases and infections
also can have variable periods of pathogenesis.

In the epidemiology of acquired immunodeficiency
syndrome, knowledge of the incubation distribution is based
on strong evidence derived from a number of cohort studies.
Unfortunately, the same wealth of evidence does not exist to
estimate the cessation rate, the choice of which has a signifi-
cant impact on the estimation of incidence and the number of
former opiate users. Regrettably, very few countries have
active cohorts of opiate users (37) (e.g., one cohort in the
United Kingdom was last followed up 10 years ago), and

Am J Epidemiol 2004;160:994—1004

cohorts often recruit people with extensive injecting careers
(e.g., at the start of the study, the ALIVE cohort had injected
for an average of 10 years) (38). Pooling data from multiple
cohorts would enable investigation of more realistic models
for the cessation process. In one of the models, we included
information on age at first use rather than allowing it to be
estimated. However, we need to consider the possibility that
the distribution of age at first use might have changed over
time and seek data from earlier time periods.

Finally, is the method worthwhile? Undoubtedly, the
back-calculation model could be improved and made more
realistic given better information on the overdose mortality
rate and cessation rate. In common with other applications of
back-calculation, the most recent estimates will be the most
uncertain because they are based on the smallest amount of
information. However, the findings are and could be of value
given our lack of knowledge of long-term trends in the inci-
dence and prevalence of opiate use/IDU. First, there are no
known estimates of the absolute incidence of injecting/
opiate use over time, which could raise questions and inform
policy makers on how effective long-term strategies have
been in preventing injecting/opiate use and the likely direc-
tion in incidence and prevalence. Second, the method
provides estimates of the number of former injecting drug
users, which are critical for estimating hepatitis C virus
morbidity and planning hepatitis C virus treatment (7).
Third, the estimated trends can be used in other models, such
as system dynamic models of the transmission of blood-
borne viruses among injecting drug users and the general
population and of econometric models of the criminal and
social consequences of opiate use/IDU (39).

The findings

Our findings have implications for the original work
conducted in Australia, based on a model in which the total
number of overdose deaths and a constant mortality rate
were used (18). In our example, introducing time- and age-
specific mortality data in combination with the age-specific
overdose deaths changed the shape of the incidence curves
for most recent years and substantially increased the size of
the estimates of incidence and prevalence. This situation
may not apply in Australia but merits investigation.

The estimates must be treated with great caution because
they are pilot results deriving from an illustration of the
method. Nonetheless, they point to a number of issues that
highlight the importance of developing the method further.

Is it true that opiate use/IDU rose so substantially in the
1990s, and is incidence decreasing? The prevalence of opiate
use/IDU in 2000 ranged from over 100,000 to 150,000 (0.5—
0.7 percent) when the epidemic curve was reconstructed,
suggesting that prevalence has increased threefold in
England since 1990. The estimated incidence in 2000 ranged
from over 13,000 (0.06 per 100 adults aged 15-44 years) to
over 26,000 (0.13 per 100 adults aged 15-44 years). The
public health implications could be stark, starting from the
need to expand treatment and harm-minimization interven-
tions simply to maintain the same level of coverage to avoid
increasing the problems associated with opiate/IDU;
however, policy makers might take some encouragement
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from model estimates suggesting that, since 1996, incidence
has decreased by over 10 percent. Nevertheless, supporting
evidence is sketchy. Experts from the Royal Colleges
suggested that the United Kingdom was experiencing
another heroin epidemic in the 1990s (40). Other data do
point to substantial rises in the number of injecting drug
users in the population. For instance, new notifications by
physicians of opiate addicts to the Addicts Index (a register
held by the Home Office) increased over 30-fold from
approximately 600 in 1966 to more than 18,000 in 1996 and
nearly threefold during the 1990s (41). Drug seizures and
arrests also increased three- to fivefold in the 1990s. Unfor-
tunately, none of these indicators provides direct evidence of
the number of new opiate users.

Few existing prevalence estimates are based on strong
evidence, and most are equally inaccurate. The United
Kingdom drug strategy reported in the mid-1990s that there
were 100,000-200,000 problem drug users (42). A pilot study
of national estimation methods suggested that there were
143,000-266,000 problem drug users, with perhaps 75,000—
150,000 opiate users in England and Wales in 1996 (43).

How many people have ever injected? How many former
users are there—Iless than 50,000 or more than 100,000, and are
there proportionally more current users than former users?
Assuming a cessation rate of 0.05 per year given the trends in
opiate overdose deaths implies that 70 percent of the population
of opiate users/injecting drug users have not ceased drug use. A
better understanding of the cessation rate would reduce uncer-
tainty over the ratio of former to current users. The National
Survey of Sexual Attitudes and Lifestyle reported that the prev-
alence of persons aged 1544 years who have ever injected was
0.8 percent in 1990 and 1.3 percent in 2000 (44, 45).

Lastly, the historical trends are at odds with earlier esti-
mates. The Advisory Council on the Misuse of Drugs esti-
mated that there were 75,000-150,000 opiate addicts and
37,000-75,000 injecting drug users in 1985 (46). Our esti-
mates based on trends in overdose deaths propose a much
lower number of opiate users/injecting drug users in 1985:
from 18,000 to 24,000, once again suggesting interesting
questions worthy of further investigation.

Conclusions

There are good reasons to establish ongoing surveillance
of opiate-drug-related deaths and improve our knowledge of
the natural history of opiate use/IDU, including the cessation
rate. The reliability of the results and the opportunity to
explore the conceptual problems raised in this paper depend
on improving the quality of available data. However, this
paper clearly shows that back-calculation methods could
provide considerable added value by estimating long-term
trends of the incidence and prevalence of opiate use/IDU.

ACKNOWLEDGMENTS

Dr. Matthew Hickman is supported by the Department of
Health Public Health Career Scientist Fellowship Scheme
(England and Wales, United Kingdom). The Centre for

Research on Drugs and Health Behaviour (London, United
Kingdom) is core funded by Research and Development,
Department of Health (England and Wales).

The authors thank the Office for National Statistics
(England and Wales) for providing the data on deaths over
time. They are grateful to Dr. Vicki King (Department of
Health) for seed funding the modeling work.

REFERENCES

1. Institute of Medicine. Pathways of addiction: opportunities in
drug abuse research. Washington, DC: National Academy Press,
1996.

2. Hulse GK, English DR, Milne E, et al. The quantification of mor-
tality resulting from the regular use of illicit opiates. Addiction
1999;94:221-9.

3. Manski CF, Pepper J, Petrie C, eds. Informing America’s policy
on illegal drugs: what we don’t know keeps hurting us. Washing-
ton, DC: National Academy Press, 2001.

4. McIntosh J, McKeganey N. Beating the dragon: the recovery
from dependent drug use. Essex, United Kingdom: Pearson Edu-
cation, 2001.

5. Robertson JR, Ronald PJM, Raab GM, et al. Deaths, HIV infec-
tion, abstinence, and other outcomes in a cohort of injecting drug
users followed up for 10 years. BMJ 1994;309:369-72.

6. Hunt N, Griffiths P, Southwell M, et al. Preventing and curtailing
injecting drug use: a review of opportunities for developing and
delivering route transition interventions. Drug Alcohol Rev 1999;
18:441-5.

7. Law MG, Dore GJ, Bath N, et al. Modelling hepatitis C virus inci-
dence, prevalence and long-term sequelae in Australia, 2001. Int J
Epidemiol 2003;32:717-24.

8. Suzman S, Sirken MG, Cowan CD. Sampling rare and elusive
populations. Science 1988;240:991-6.

9. Gfroerer J, Brodsky M. The incidence of illicit drug use in the
United States, 1962-1989. Br J Addict 1992;87:1345-51.

10. Doll R. Progress against cancer: an epidemiologic assessment.
The 1991 John C. Cassel Memorial Lecture. Am J Epidemiol
1991;134:675-88.

11. Frischer M, Leyland A, Cormack R, et al. Estimating the popula-
tion prevalence of injection drug use and infection with human
immunodeficiency virus among injection drug users in Glasgow,
Scotland. Am J Epidemiol 1993;138:170-81.

12. Domingo-Salvany A, Hartnoll RL, Maguire A, et al. Use of cap-
ture-recapture to estimate the prevalence of opiate addiction in
Barcelona, Spain, 1989. Am J Epidemiol 1995;141:567-74.

13. Hickman M, Higgins V, Hope V, et al. Injecting drug use in
Brighton, Liverpool, and London: best estimates of prevalence
and coverage of public health indicators. J Epidemiol Commu-
nity Health 2004;58:766-71.

14. Hunt LG, Chambers CD. Heroin epidemics: a study of heroin use
in the United States, 1967-75. New York, NY: Spectrum, 1976.

15. Hickman M, Seaman S, De Angelis D. Estimating the relative
incidence of heroin use: application of a method for adjusting
observed reports of first visits to specialized drug treatment agen-
cies. Am J Epidemiol 2001;153:632—41.

16. Brookmeyer R, Gail MH. AIDS epidemiology: a quantitative
approach. Oxford, United Kingdom: Oxford University Press,
1994.

17. Cousins SN, Vynnycky E, Zeilder M, et al. Predicting the CJD
epidemic in humans. Nature 1997;385:197-9.

18. Law M, Lynskey M, Ross J, et al. Back-projection estimates of
the number of dependent heroin users in Australia. Addiction

Am J Epidemiol 2004;160:994—1004

€70z ‘€ aunc uo 1s9nb Aq /610'sfeulnolpiojxoafe/:dny wouy papeojumoq


http://aje.oxfordjournals.org/

Incidence and Prevalence of Injecting Drug Use 1003

2001;96:433-43.

19. deAlarcon R. The spread of heroin abuse in a community. Bull
Narc 1969;21:17-22.

20. Becker NG, Watson LF, Carlin JB. A method of non-parametric
back-projection and its application to AIDS data. Stat Med 1991;
10:1527-42.

21. Becker NG, Marschner IC. A method for estimating the age-
specific relative risk of HIV infection from AIDS incidence data.
Biometrika 1993;80:165-78.

22. Darke S, Zador D. Fatal heroin overdose: a review. Addiction
1996;91:1757-64.

23. Hickman M, Madden P, Henry J, et al. Trends in drug overdose
deaths in England and Wales 1993-98: methadone does not kill
more people than heroin. Addiction 2003;98:419-26.

24. Kaplan EH. Needles that kill: modelling human immunodefi-
ciency virus transmission via shared needle injection equipment
in shooting galleries. Rev Infect Dis 1989;11:289-98.

25. Pollack HA. Cost-effectiveness of harm reduction in preventing
hepatitis C among injection drug users. Med Decis Making 2001;
21:357-67.

26. White JM, Irvine RJ. Mechanisms of fatal opiod overdose.
Addiction 1999;94:961-72.

27. Ghodse H, Oyefeso A, Kilpatrick B. Mortality of drug addicts in
the United Kingdom, 1967-1993. Int J Epidemiol 1998;27:473—
8.

28. Unlinked Anonymous Surveys Steering Group. Prevalence of
HIV in England and Wales: 1998. Annual report of the Unlinked
Anonymous Prevalence Monitoring Programme. London, United
Kingdom: Department of Health, 1999.

29. Efron B. The jackknife, the bootstrap and other resampling plans.
CBMS-NEFS regional conference series in applied mathematics
38. Philadelphia, PA: Society for Industrial and Applied Mathe-
matics, 1982.

30. Gossop M, Stewart D, Treacy S, et al. A prospective study of mor-
tality among drug misusers during a 4-year period after seeking
treatment. Addiction 2002;97:39-47.

31. De La Fuente L, Barrio G, Vicente J, et al. The impact of drug-
related deaths on mortality among young adults in Madrid. Am J
Public Health 1995;85:102-5.

32. Seaman SR, Gore S. Mortality from overdose among injecting
drug users recently released from prison: database linkage study.
BM1J 1998;316:426-8.

33. Robertson RJ, Ronald PJM, Raab GM, et al. Deaths, HIV infec-
tion, abstinence, and other outcomes in a cohort of injecting drug
users followed up for 10 years. BMJ 1994;309:369-72.

34. Hser Y, Hoffman V, Grella CE, et al. A 33-year follow-up of nar-
cotics addicts. Arch Gen Psychiatry 2001;58:503-8.

35. Stimson GV, Oppenheimer E. Heroin addiction: treatment and
control. London, United Kingdom: Tavistock, 1982.

36. Galai N, Safacian M, Vlahov D, et al. Longitudinal patterns of
drug injection behavior in the ALIVE study cohort, 1988-2000:
description and determinants. Am J Epidemiol 2003;158:695—
704.

37. van Ameijden EJC, van den Hoek JAR, Hartgers C, et al. Risk
factors for the transition from noninjection to injection drug use
and accompanying AIDS risk behavior in a cohort of drug users.
Am J Epidemiol 1994;139:1153-63.

38. Vlahov D, Anthony JC, Munoz A, et al. The ALIVE study: a lon-
gitudinal study of HIV-1 infection in intravenous drug users:
description of methods. J Drug Issues 1991;21:759-76.

39. Blower S, Medley G. Modelling drugs and HIV. Br J Addict
1992;87:371-9.

40. Working Party of the Royal College of Psychiatrists and Royal
College of Physicians. Drugs dilemmas and choices. London,
United Kingdom: Gaskell, 2000.

41. Hickman M, Griffin M, Madden P, et al. Drug misuse surveil-

Am J Epidemiol 2004;160:994—1004

lance in the UK— continuing trends from the Home Office
Addicts Index to the Drug Misuse Database. Drugs: Education,
Prevention and Policy 2004;11:91-100.

42. President of the Council. Tackling drugs to build a better Britain:
the government’s 10 year strategy for tackling drug misuse. Lon-
don, United Kingdom: HMSO, 1998.

43. Frischer M, Hickman M, Kraus L, et al. A comparison of different
methods for estimating the prevalence of problematic drug misuse
in Great Britain. Addiction 2001;96:1465-76.

44. Wadsworth J, Hickman M, Johnson AM, et al. Geographic varia-
tion in sexual behaviour in Britain—implications for STD epide-
miology and sexual health promotion. AIDS 1996;10:193-9.

45. Johnson AM, Mercer CH, Erens B, et al. Sexual behaviour in Brit-
ain: partnerships, practices, and HIV risk behaviours. Lancet
2001;358:1835-42.

46. Advisory Council on the Misuse of Drugs. AIDS and drug mis-
use, part 1. Department of Health and Social Security. London,
United Kingdom: HMSO, 1988.

47. Dempster AP, Laird NM, Rubin DB. Maximum likelihood from
incomplete data via the EM algorithm (with discussion). J R Stat
Soc (B) 1977;39:1-38.

APPENDIX

As outlined at the beginning of this paper, the back-calcula-
tion method relates the incidence of a given disease endpoint
and the number of infections generating the endpoint through
the distribution of the incubation time between the infection
and development of the endpoint. Thus, if a time series of the
endpoint of interest is available and the distribution of the
incubation time is assumed to be known, the incidence of
infection giving rise to the endpoint can be estimated. A
number of forms of the back-calculation method have been
proposed in the literature (16). In what follows, we have used
a nonparametric version, where the incidence of infection is
assumed to have a nonparametric form rather than a prespeci-
fied, functional expression. This nonparametric back-calcula-
tion was originally developed by Becker et al. (20) and was
later extended by Becker and Marschner (21) to estimate
simultaneously the time-dependent HIV incidence trends and
the relative risk of infection for persons of different ages.

The latter approach has been adopted in this paper to esti-
mate the incidence of opiate use/IDU in England: deaths from
overdose represent the endpoint of interest, and death rates
from overdose, combined with rates of cessation of IDU,
provide the distribution of the incubation time. More formally,
the back-calculation model can be described as follows.

Consider a discrete timescale (e.g., a year) and indicate by
Y,, the number of persons ageda (a=1,2,3,..., A) who die
of overdose inyear ¢t (t=1, 2, 3, ..., T). Let £, be the proba-
bility that a person starting opiate use/IDU in year s will die
of overdose in year s + d. Denote by N, the unobserved
number of persons aged a who start drug use in year ¢. Then,
under the assumption that each person starting use in year ¢
is given an incubation time independently, we have

¢
E(Yat|{Nat}) = 2 Na—t+x,xfx, f—x

x=1

and
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t
EY,) = Y Variecheiow (D

x=1

where v,_, = E(N,_,). Convolution equation 1 states that the
expected number of overdose deaths occurring at age a in
year ¢ is the result of those persons who started at age a —t +
xin year x (x = 1, 2, 3, ..., ) and have been using drugs
(without stopping) for a duration of t — x years before over-
dose death. Assuming that both probability of overdose
death and incidence of overdose deaths are known, the
unknown expected number of starters of age a in year f can
then be estimated. Note that those who have started using
drugs recently will have little probability of death by time 7.
Therefore, the number of deaths up to time 7 will not contain
much information on those persons. As a consequence, the
method will not provide accurate estimates of the number
starting use in the recent past.

Estimation of the v, is carried out as follows. Assume that
N,, are independent Poisson variables and that their depen-
dence on age and time is expressed via the multiplicative
model:

E(N,)=v,= naBaKn ()

where A, represents the time component and T, is the propor-
tion of persons in the population of age a. With such a defi-
nition for m, the parameter [, reflects the relative
susceptibility of persons of age a. To avoid identifiability
problems in equation 2,

A
Y nB, =1, (3)
a=1

which gives to A, the meaning of rate of starting drug use
regardless of age. Given the overdose deaths y,, observed up
to time 7, from equation 1, equation 2, and the Poisson
assumption on the Y, a likelihood function L(B,A | y) can be
constructed and maximum likelihood estimates of 3, and A,
derived through the EM (expectation-maximization) algo-
rithm (47). The EM algorithm is an iterative procedure used
to obtain maximum likelihood estimates of parameters in an
incomplete data problem (i.e., when data are incomplete). In
the current estimation problem, it is also possible to derive
explicit expressions for updating the parameters’ values at
each step of the iteration process (refer to Becker and
Marschner for details (21)). However, since the problem is
one of nonparametric estimation, the EM algorithm produces
unstable estimates. This shortcoming, in conjunction with
the expectation that estimates of B, and A, would be smooth,
induced Becker and Marschner to use a smoothed EM algo-
rithm (EMS). The smoothed EM algorithm follows the same
philosophy as the EM algorithm, except that it involves an
extra step, the S step, where the values of the parameters
obtained in the current iteration are replaced by smoothed
values. In our case,

kl
new _ % k
Ba - ZwliB a+i-—=
2
i=1
and
k2
new _ % k
A= ZWZik t+i—~2—2

i=1

represent the smoothed updated estimates of B, and A, at the
current iteration (B* and A* are the unsmoothed values at the
same iteration), where k; (i = 1, 2) is the (integer value) band-
width and the w;; are symmetric weights such that Zw; = 1.
Here, k; =5 and k=2 and w; = 1/k, (j =0, 1, 2) and

k
Wy = ( .2)2_2
J

(7=0,1,2,3,4,5). Thus, for example, A" = w,)A* _| + wyA*
+wyA*,, ; that is, the value of the parameter A,"¥ at the current
iteration of the algorithm is a weighted average of the values
provided by the EM algorithm at times #— 1, #,and 7 + 1.

Usually, in the standard EM algorithm, convergence of the
procedure is reached if the difference in likelihood at two
consecutive updates of the parameter estimates is smaller
than a given threshold. The smoothed EM procedure, with
the added after smoothing step, is no longer a standard
maximum likelihood method; therefore, convergence is now
based on the difference between values of the parameters. As
proposed by Becker and Marschner (21), small positive
values for €, and €, are chosen, and the iteration is stopped
when both || — BU/|B! [[<g, and []Are — AR [l<e,
are satisfied, where % represent the value of the estimate of
B at the iteration previous to the current one and

X = (36"

Here, £,=¢,=0.0001.

The above can be extended to the case in which the proba-
bility of overdose death depends on the age at which the
person starts drug use; that is, f,; becomes f, ;. Equation 1
now becomes

t

E(Y,) = Z VacraoxxSactex v i-v

x=1

where f, _ ., . . ,_, is the probability that a person starting
opiate use/IDU at age a — t + x in year x dies at age a in year
t. This situation is more complex, particularly if both B, and
A, are to be inferred. In this work, however, no attempt is
made to estimate [, which is, in this case, derived from
external information (29). Note that, in this setting, an esti-
mate of the underlying incidence of opiate use is given
by 1Y n,B, rather than .
a

The bootstrap can be used to provide a measure of the
uncertainty surrounding these estimates, because asymptotic
theory does not apply to estimates obtained from the EM

smoothing algorithm (refer to Becker and Marschner for
details (21)).
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