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Summary The decrease in overall incidence of TB in industrialised countries, together with
the increasing concern for adverse events following BCG immunization, has led to important
modifications of BCG policies in the last decades. This article adapts and validates — with
surveillance data — a theoretical model estimating the impact of different national BCG vac-
cination policies on severe childhood TB in low to intermediate TB prevalent countries. The
model shows that a universal BCG programme could be beneficial in settings with prevalence

levels around 30 sputum smear positive per 100,000. In settings with prevalence levels below 15
per 100,000 the benefit of universal BCG vaccination should be carefully assessed, particularly
where prevalence is below 5 per 100,000 and universal vaccination might lead to an excess of
adverse events per case prevent
theoretical impact of a policy ch
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ed. To this purpose the model also provides a tool to assess the
ange towards selective ‘high-risk groups’ vaccination.
served.

ntroduction

he Bacillus Calmette-Guérin (BCG) vaccine is one of the
ost widely used of all current vaccines [1].
Whilst BCG efficacy against pulmonary TB — particularly
n adults — is highly variable, more consistent results are
vailable on BCG efficacy against tuberculous meningitis and
iliary tuberculosis (severe forms of TB) [2,3].
BCG vaccination often results in local adverse effects,

ut serious complications are rare. Globally, incidence of
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atal adverse events has been rarely reported, ranging from
.01 to 43.4 cases per million vaccines. Such severe adverse
vents usually occur in infants with impaired immunity [4].

In Western Europe the most frequently reported adverse
vent is suppurative lymphadenitis; osteitis and occasionally
isseminated BCG infection have also been reported [5,6].

The decrease in overall incidence of TB in industrialised
ountries, together with the increasing concern for adverse
vents following immunization (AEFI), has led to important
odifications of BCG policies in the last decades [7,8]. BCG

accination has been discontinued or has been limited to
hildren ‘at risk’ in a growing number of countries in the
uropean Union (EU) [9]. Policy changes are currently under
iscussion in other EU countries.

Decision on discontinuing universal BCG vaccination
hould rest upon a cost—benefit analysis taking into account
everal variables, namely the expected number of severe
B cases in children, the expected number of AEFI, and the
umber needed to vaccinate per severe TB case prevented.

We provide a theoretical model to assess cost—benefit
f different options of BCG vaccination strategies in low to
ntermediate TB burden countries with respect to preven-
ion of severe TB cases in childhood.

ethods

e aimed at adapting a model that would allow us to esti-
ate the effects of withdrawal or change in BCG vaccination

trategy in low to intermediate TB prevalence settings.

ethodological background

ublished models for assessing the impact of BCG can be
rouped under two different approaches: (1) a surveillance-
ased model that has been previously described in the
iterature [10,11] and (2) an annual risk of infection (ARI)-
ased model that has been previously adopted by various
uthors [3,12—14].

For the purposes of this work we used the second (ARI-
ased) approach since the first one requires access to a
urveillance system that is able to capture severe forms of
B (TB meningitis and possibly miliary TB) in children.

We took into consideration the 27 European Union coun-
ries plus two EEA countries (Norway and Iceland).

We established that the model should estimate a number
f outcomes that would allow a cost—benefit comparison
nder the different BCG strategies in various epidemiolog-
cal settings. We established that the following outcomes
ould be needed:

Estimated number of TB meningitis and miliary TB cases
(severe TB cases) prevented in a cohort of children for the
first 5 years of life.
Estimated number of BCG vaccinations required to pre-
vent one case of TB meningitis or miliary TB (number
needed to vaccinate—–NNV).

Number of BCG adverse event per case prevented.

The methodology previously developed by Fine et al. [14]
nd by Trunz et al. [3,13] was adapted for calculating the
elected outcomes.
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d
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We considered the number of severe TB cases prevented
assuming an hypothetical 100% BCG coverage), as the main
utcome of the model. In order to reach this estimate,
e started with calculating the ARI from the smear posi-

ive (infectious) TB prevalence as indicated in Trunz et al.
ork:

RI = p̌sm+

n which ˇ (contact rate) represents the number of new
nfections generated by a prevalent smear positive case per
ear and psm+ is the prevalence of smear positive cases in
004. For the purpose of this work a contact rate of 6 was
elected [3,13].

The outcome estimated by the model have been calcu-
ated in 5 theoretical epidemiological settings that could
epresent the variability within the selected 29 European
ountries.

The TB prevalence (SS + per 100,000 population) in the
elected European countries ranges between 1.0 and 88.0
15].

In order to define 5 hypothetical settings, that may
escribe the various epidemiological situations in Europe,
he 5th, 25th, 50th, 75th and 95th percentiles have been cal-
ulated based on the actual distribution of TB prevalence.
tarting from the TB prevalence values calculated in such
ay, 5 theoretical settings (namely A—E) have been derived
pplying the ARI model, as described below.

The number of expected cases of TB meningitis was
alculated given the known proportion of childhood infec-
ions that lead to tuberculous meningitis (�men). This
roportion has been previously published and falls in the
ange of 0.7—1% [3,13,16,17]. For the purpose of the pro-
osed model the upper limit of this range (1%) has been
elected.

The total expected cases of TB meningitis — for each
f the 5 settings — was calculated for a period of 5
ears (representing the peak period of risk for developing
evere disease) in a hypothetical birth cohort of 100,000
hildren.

The number of severe TB cases (meningitis and mil-
ary TB) was calculated by adding to the number of TB
eningitis the estimated military TB cases based on a ratio

f 1:2. This represents the upper limit of the expected
atio of miliary to meningitis TB cases (range 1:4—1:2)
3,13].

A BCG efficacy of 80% against both meningitis and mil-
ary TB, was applied to estimate the number of severe
ases prevented under a hypothetical 100% BCG coverage
4].

The number needed to vaccinate was calculated by divid-
ng the birth cohort (100,000 children) in each setting by the
stimated number of severe TB cases prevented.

The number of adverse events following BCG vaccina-
ions was estimated from the available evidence in literature
Literature search provided several different results on
CG adverse events in European settings [5,6,18,19].

For the purpose of this work we assumed an incidence
f disseminated BCG infection of 4 per 100,000 and an inci-
ence of suppurative lymphadenitis of 1 per 1000 [5].
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Assessing the impact of different BCG vaccination strategies

Validation of the model

We utilized two methods for validating the ARI based model:

a. We compared data from French surveillance report for
the 2000—2002 period [20] to the estimates obtained
through the ARI model using the French data (birth cohort
and TB prevalence) for the year 2004 [15,21].

b. We selected a setting (Italy) where no BCG vaccination is
performed in the 0—4 age group [22] and we compared
the average TB meningitis cases in the 1999—2003 period
[23] to the estimate obtained through the ARI model
using the Italian data (birth cohort and TB prevalence)
for the year 2000 [15,21].

95% confidence intervals have been calculated assuming
that TB severe cases follow a Poisson distribution. An Excel
worksheet has been used to this purpose.

Selective versus universal vaccination strategy

We also proposed a calculation for comparing a univer-
sal BCG policy (100% coverage of the whole birth cohort
assumed) versus a selective BCG policy (100% coverage of
the children within the birth cohort belonging to a specified
high-risk group).

The number needed to vaccinate has been calcu-
lated in three hypothetical settings where high-risk groups
represented 5%, 10% and 20% of the entire population,
respectively.

Decrease (%) in number needed to vaccinate — switching
from universal to selective vaccination policy under these
three different levels in the general population — has been
calculated in relation to the proportion of TB severe cases
belonging to high-risk groups.

Calculation of prevented primary TB cases in the
first 15 years of life and prevented adult cases

Prevented cases of primary TB in children under 15 years of
age was also calculated based on the model by Fine et al and
assuming a BCG efficacy of 50% in preventing all primary TB
in children under 15 [4].

Results

Main outcomes of the model applied to the 5 settings are
showed in Table 1.

TB prevalence (SS + per 100,000 population) ranges from
1.7 (setting A, 5th percentile) to 33.4 (setting E, 95th per-
centile), corresponding to ARI values ranging from 0.01 to
0.20 per 100,000 population.

The number of prevented severe TB cases in the
hypothetical 100,000 children birth cohort (100% vaccine
coverage, 80% vaccine efficacy) ranges from 0.6 to 12.0,

with a NNV ranging from 161,499 to 8317. The expected
number of disseminated BCG-itis per severe case prevented
ranges from 0.3 to 6.5. The number of expected suppurative
lymphadenitis per severe TB case prevented ranges from 8
to 161.
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Box 1
Calculation of severe TB cases prevented based on the
annual risk of infection (figures used appear in italics).

Tbsev-prev = (1 + k) (5Bˇ psm + �men) × ε

Tbsev-prev = severe TB cases prevented in a birth cohort
for the first 5 years of life
B = births in a given year (100,000)
ˇ = contact rate (6)
psm+ = prevalence of smear positive disease (range
1.7—33.4 per 100,000)
ˇ psm+ = annual risk of infection
�men = proportions of infections leading to Tbmen (0.01)
k = ratio of miliary TB cases to TB meningitis cases
(1.5)
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Figure 1 Percentage decrease in number needed to vacci-
nate (switching from universal to selective vaccination) under
d
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ε = BCG efficacy against severe TB cases (0.8)

The number of prevented primary TB cases in the same
ohort for the first 15 years of life ranges from 3.8 to 75.2.

Number of tuberculous meningitis (TBM) cases in absence
f BCG vaccination estimated by the INVS on the 2000/2002
rench birth cohorts are 11—16 (interval). Number of TBM
stimated applying the ARI model to the 2004 French birth
ohort is 15 (95% CI: 8.4—24.7) (Table 2).

According to the data provided by the hospital records
ystem of the Italian Ministry of Health during the period
999/2003 the annual number of reported TBM cases has
een 5.6 on average. The number of expected TBM cases
alculated applying our ARI model to the 2004 Italian birth
ohort is 4.6 (95% CI: 1.4—10.9) (Table 2).

Finally, the percentage decrease in NNV has been used
s a parameter for comparing a selective BCG policy (100%
overage of the children within the birth cohort belonging
o a specified high-risk group) versus a universal BCG policy
100% coverage of the whole birth cohort assumed).

Fig. 1 shows three different hypothetical situations
here respectively 5%, 10% and 20% of the entire population
elongs to TB high-risk groups. The figure intends to show
he percentage decrease in number of children needed to
e vaccinated (NNV) under different proportions of high-risk
ndividuals in both the general population and among cases.
The ARI model applied to these settings shows how the
ecrease in NNV is very favourable in those situations where
igh-risk groups represent the 5% of the entire population,
ven if the percentage of cases belonging to such groups is
ow. On the other hand an important decrease in NNV (>60%)

D

T
e

Table 2 Comparative validation of the model

Model Expected cases TBM Preven

INVS 2000/2002 11—16 9—13
ARI based (cohort 2004) 15 (95% CI: 8.4—24.7) 12 (95%

Italyb 5.6 NA
ARI based (cohort 2004) 4.6 (95% CI: 1.4—10.9) NA

a Under universal BCG coverage.
b Average of hospitalised cases during the period 1999/2003.
ifferent assumptions of proportion of cases belonging to high-
isk groups, and proportion of high-risk group individuals in the
eneral population (three assumptions have been used namely,
%, 10% and 20%).

s evident in all three settings when the proportion of cases
elonging to the high-risk population is over 50%. On the
ther hand, when the proportion of population belonging
o high-risk groups is high (20%), the NNV under selective
accination paradoxically increases — when compared to
niversal vaccination (% decrease is a negative value on the
-axis) — if the number of cases belonging to high-risk groups

s less than 20%.
Table 3 shows how in high prevalence settings (setting D

nd E) selective vaccination could lead to a low effective-
ess of the program with the majority of cases unprevented
from 4.6 to 10.8 per 100,000 population). This finding is
elated to the fact that most of severe TB cases occur
utside the high-risk group. In low prevalence settings the
umber of unprevented cases would range between 0.3 and
.9 per 100,000 population. In addition the NNV in settings
—E paradoxically increases switching to selected vaccina-
ion when the proportion of population belonging to high-risk
roups is around 20%.
iscussion

he purpose of our work was to adapt a model that would
stimate the effects of withdrawal or change in BCG vac-

ted cases TBMa Methods/source

Surveillance based method/notifications
CI: 6.2—20.9) ARI based model

Hospital records
ARI based model
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ination under different settings. We did not specifically
ddress the issue of deriving ARI from prevalence of disease
ut we merely applied previously developed methodologies.
e recognize that prevalence estimates carry a degree of
ncertainty. Furthermore, calculations were made on the
asis of smear positive prevalence only, disregarding the
ossible transmission from smear negative cases.

The model has been deliberately biased to maximize
he effect of BCG in preventing tuberculosis. On the other
and, we did not further discuss the impact of BCG vac-
ination on primary TB in children under 15 years of age,
n view of the uncertainties around both the proportion
f infected children developing primary TB, and the vari-
bility in efficacy of the vaccine against this form of
isease [4].

In addition we also felt that severe forms of TB have a
elative higher weight in cost—benefit analysis.

Another limit of the model might be related to the wide
onfidence intervals of the estimates, particularly evident in
he calculated number of TB meningitis reported in Table 2.
his is a consequence of the low incidence of the disease in
hese countries.

Particularly the following assumptions might influence
he results towards overestimation of the number of cases
revented:

High contact rate
In the proposed model we have used an average contact

rate of 6. This figure is probably overestimating the real
contact rate in low prevalence countries [3,13]. Hence,
the consequently overestimated ARI derived from the
prevalence of infectious disease will have the effect of
maximizing the number of potential TB arising in children
and the number of cases prevented by BCG.
Upper end of efficacy range in preventing both severe
forms and pulmonary forms

The assumptions of 80% protection against severe forms
of disease in children under 5 years of age represent the
higher end of the efficacy range.
Assumption on the annual reduction in the risk of infection

To simplify the model, and in view of the lack of recent
data (in low prevalence countries) on the annual reduc-
tion in risk of infection we have assumed the annual
reduction of ARI to be negligible (0%). This might have
had the effect in our model of maximizing the number of
potential severe TB cases and hence overestimating the
number of cases prevented in the vaccinated cohort.
Proportions of childhood infections leading to tuberculosis
meningitis

Similarly, the assumption on the proportion of childhood
infections that lead to tuberculous meningitis (0.7—1%)%
might be an overestimate of the current value in Europe,
since it derives from observations performed in the pre-
chemotherapy era [3,13,16,17].

The model has its weaknesses in the number of assump-
ions made to reach the estimated number of severe forms

f TB in the under 5s population.

Through the model we are assuming a homogeneous ARI
hroughout the population at national level. However, it is
lear from current notification data [24] that cases are often
oncentrated in high-risk population. It is therefore likely
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hat the risk of infection in such sub-population well exceeds
he calculated average.

Given the above limits, nevertheless this model provides
ood estimates when compared with surveillance data from
rance and Italy, and it could represent a valid tool to start
decision making process on BCG vaccination in European

ountries.
The model shows that a universal BCG programme can

e definitely beneficial in setting E (95th centile of the 29
uropean countries with prevalence level around 30 SS + per
00,000). In this setting the number of adverse events per
ase prevented, as well as the number needed to vaccinate,
re reasonably low.

In setting D (75th centile, prevalence level around 15
er 100,000 pop) the benefit of universal BCG vaccination
s questionable. Hence, in this settings other factors play a
ajor role in the decision making process.
In setting A—C (5th to 50th centile, prevalence level

nder 5 per 100,000) it appears that universal vaccination
ight lead to an excess of adverse events per case prevented

more than 2.4 BCG-itis and more then 59 lymphadenitis).
t becomes important in these settings to evaluate the dis-
ribution of cases between general population and high-risk
roups, and eventually assess the applicability of a selective
accination.

When the model is applied to compare the effect of uni-
ersal versus selective vaccination (perceptual decrease of
umber needed to vaccinate) in a setting with a range of
ercentage of general population belonging to an identified
igh-risk group from 5 to 20% the following can be observed:

In the case of over 50% of cases belonging to the high-risk
group, selective vaccination is beneficial (60% and more
decrease) regardless of the composition of the population
(Fig. 1).
The weight of the high-risk group within the population
plays a more important role when less than 50% of cases
belong to the risk group. In this case the smaller the
high-risk population (within the general population) the
greater the benefit will be.
Under selective vaccination most cases remain unpre-
vented in high prevalence settings, with a paradox effect
of NNV increase.

onclusion

n our work we aimed at providing a tool to facilitate assess-
ent of BCG policies in low to intermediate burden settings.
The theoretical model we discussed is particularly rel-

vant to the European countries where smear positive TB
revalence ranges from 1 to 88 per 100,000. According to the
odel, in European countries, where the prevalence level

s under 5 per 100,000, it appears that universal vaccination
ight lead to an excess of adverse events per severe TB

ase prevented. In countries with prevalence rates around
5 per 100,000 (75% percentile) the value of universal BCG

accination is questionable.

In these settings it becomes important to assess the appli-
ability of a selective vaccination that seems to be very
avourable in those situations where high-risk groups rep-
esent at least 5% of the entire population or when the
D. Manissero et al.

roportion of cases belonging to the high-risk population is
ver 50%.

Switching to selective vaccination of high-risk groups
equires a remarkable effort. Proper surveillance systems
ust be in place to be able to detect and identify pop-

lations with relative higher TB rates than the general
opulation.

This represents a major challenge, as the definition of a
igh-risk population and the classification of an individual
s such pose several difficulties. Operational feasibility of
uch definitions should be assessed and easily recognizable
igh-risk groups identified.

It should also be remarked that the results obtained
hrough the model are based on an assumption of 100% cov-
rage in both scenario. This is most probably not achievable;
articularly under a selective vaccination programme which
argets hard to reach populations. Nevertheless, the model
rovides a theoretical background to identify key issues for
onsideration in the decision making process of selective
ersus universal vaccination.

From an operational point of view reaching specific popu-
ation groups requires intensive and dedicated interventions
y the public health force. On the other hand effective
elective immunization programmes have been successfully
mplemented in Europe [25,26].

Calculation of the benefits of BCG selective vaccina-
ion should also take into consideration that the ARI in the
igh-risk population might be several times higher than the
verage estimates applied to the general population in our
odel.
Our model adds to previously elaborated criteria for dis-

ontinuation of BCG vaccination in low prevalence countries
y the International Union Against Tuberculosis and Lung Dis-
ase (IUATLD) [27], by recognizing the heterogeneity of the
opulation in terms of risk of TB (particularly severe TB).

We believe that a selective immunization programme
hould be integrated into a comprehensive TB control
pproach aiming at maximizing case finding and ensuring
he highest standards of care in high prevalence populations.
uch an effort is worthy to be endured, since resources freed
fter BCG vaccination policy change could be reutilised in a
ore effective way.
In conclusion, the decision on BCG policy changes in coun-

ries with intermediate TB prevalence should be taken after
n accurate assessment of the epidemiological situation, but
lso on the basis of a thorough knowledge of the capac-
ty of the local public health system to specifically address
ulnerable and high-risk populations.
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