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Abstract

Systematic review and meta-analysis of the current evidence
on the duration of protection by bacillus Calmette—Guérin
vaccination against tuberculosis

| Abubakar,?* L Pimpin,' C Ariti,*> R Beynon,* P Mangtani,® JAC Sterne,*
PEM Fine,® PG Smith,® M Lipman,® D Elliman,® JM Watson,! LN Drumright,’
PF Whiting,* E Vynnycky' and LC Rodrigues®
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2 Department of Infection and Population Health, University College London, London, UK
3London School of Hygiene and Tropical Medicine, London, UK

“University of Bristol, Bristol, UK

SUniversity College London, London, UK

6Great Ormond Street Hospital, London, UK

*Corresponding author

Background: Recent evidence suggests that the duration of protection by bacillus
Calmette-Guérin (BCG) may exceed previous estimates with potential implications for
estimating clinical and cost-efficacy.

Objectives: To estimate the protection and duration of protection provided by BCG
vaccination against tuberculosis, explore how this protection changes with time since
vaccination, and examine the reasons behind the variation in protection and the rate of
waning of protection.

Data sources: Electronic databases including MEDLINE, Excerpta Medica Database
(EMBASE), Cochrane Databases, NHS Economic Evaluation Database (NHS EED),
Database of Abstracts of Reviews of Effects (DARE), Web of Knowledge, Biosciences
Information Service (BIOSIS), Latin American and Caribbean Health Sciences Literature
(LILACs), MEDCARIB Database, Cumulative Index to Nursing and Allied Health Literature
(CINAHL) were searched from inception to May 2009. Index to Theses, System for
Information on Grey Literature in Europe (SIGLE), Centre for Agricultural Bioscience
International (CABI) Abstracts, Scopus, Article First, Academic Complete, Africa-Wide
Information, Google Scholar, Global Health, British National Bibliography for Report
Literature, and clinical trial registration websites were searched from inception to

October 2009.

Review methods: Electronic databases searches, screening of identified studies, data
extraction and analysis were undertaken. Meta-analysis was used to present numerical and
graphical summaries of clinical efficacy and efficacy by time since vaccination. Evidence of
heterogeneity was assessed using the tau-squared statistic. Meta-regression allowed the
investigation of observed heterogeneity. Factors investigated included BCG strain, latitude,
stringency of pre-BCG vaccination tuberculin testing, age at vaccination, site of disease,
study design and vulnerability to biases. Rate of waning of protection was estimated using
the ratio of the measure of efficacy after 10 years compared with the efficacy in the first

10 years of a study.
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Results: Study selection A total of 21,030 references were identified, providing data on
132 studies after abstract and full-text review. Efficacy Protection against pulmonary
tuberculosis in adults is variable, ranging from substantial protection in the UK MRC trial
{rate ratio 0.22 [95% confidence interval (Cl) 0.16 to 0.31]}, to absence of clinically
important benefit, as in the large Chingleput trial [rate ratio 1.05 (95% CI 0.88 to 1.25)] and
greater in latitudes further away from the equator. BCG vaccination efficacy was usually
high, and varied little by form of disease (with higher protection against meningeal and
miliary tuberculosis) or study design when BCG vaccination was given only to infants or to
children after strict screening for tuberculin sensitivity. High levels of protection against
death were observed from both trials and observational studies. The observed protective
effect of BCG vaccination did not differ by the strain of BCG vaccine used in trials.
Duration: Reviewed studies showed that BCG vaccination protects against pulmonary and
extrapulmonary tuberculosis for up to 10 years. Most studies either did not follow up
participants for long enough or had very few cases after 15 years. This should not be taken
to indicate an absence of effect: five studies (one trial and four observational studies)
provided evidence of measurable protection at least 15 years after vaccination. Efficacy
declined with time. The rate of decline was variable, with faster decline in latitudes further
from the equator and in situations where BCG vaccination was given to tuberculin-sensitive
participants after stringent tuberculin testing.

Limitations: The main limitation of this review relates to quality of included trials, most of
which were conducted before current standards for reporting were formulated. In addition,
data were lacking in some areas and the review had to rely on evidence from

observational studies.

Conclusions: BCG vaccination protection against tuberculosis varies between populations,
to an extent that cannot be attributed to chance alone. Failure to exclude those already
sensitised to mycobacteria and study latitude closer to the equator were associated with
lower efficacy. These factors explained most of the observed variation. There is good
evidence that BCG vaccination protection declines with time and that protection can last
for up to 10 years. Data on protection beyond 15 years are limited; however, a small
number of trials and observational studies suggest that BCG vaccination may protect for
longer. Further studies are required to investigate the duration of protection by

BCG vaccination.

Funding: The National Institute for Health Research Health Technology

Assessment programme.
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Scientific summary

Background

Recent evidence suggests that the duration of protection by bacillus Calmette-Guérin (BCG)
vaccination may exceed previous estimates. Such information is essential for estimating both
the impact of BCG vaccination programmes and their cost-efficacy. This systematic review
was commissioned by the National Institute for Health Research (NIHR) Health Technology
Assessment programme in order to assess the duration of protection by BCG vaccine.

Objectives

To assess and quantify changes in protection by BCG vaccination against tuberculosis over time,
against all tuberculosis, tuberculosis mortality, pulmonary tuberculosis and extrapulmonary
tuberculosis (meningeal/miliary and other extrapulmonary sites separately and together), based
on controlled trials and observational studies. To estimate, if data are available, overall clinical
efficacy for the above tuberculosis disease categories and variations in clinical efficacy according
to location (latitude/geographic region), time since vaccination and age at vaccination (neonatal,
school age, occupational), stringency of tuberculin testing before vaccination, risk of bias in the
different study designs, vaccine strain, gender and human immunodeficiency virus (HIV) status.

Methods

Search strategy
Electronic databases were searched from inception to October 2009, including MEDLINE,
Excerpta Medica Database (EMBASE), Cochrane Databases, Database of Abstracts of Reviews
of Effects (DARE), Health Technology Assessment database and NHS Economic Evaluation
Database (NHS EED), Web of Knowledge, Bioscience Information Service (BIOSIS), Latin
American and Caribbean Health Sciences Literature (LILACs), MEDCARIB, Cumulative Index
to Nursing and Allied Health Literature (CINAHL), Index to Theses, System for Information
on Grey Literature in Europe (SIGLE), Centre for Agricultural Bioscience International (CABI)
Abstracts, Scopus, Article First, Academic Complete, Africa-Wide Information, Google Scholar,
Global Health, British National Bibliography for Report Literature, and clinical trials and
controlled trials websites.

Inclusion/exclusion criteria
All studies, observational or trial, which assessed the efficacy of BCG vaccines in any human
population compared with another vaccine or a placebo that provided sufficient outcome
on tuberculosis disease or mortality were included. Case series and ecological studies, those
assessing efficacy of oral BCG vaccination or clinical efficacy of BCG vaccination against
infection rather than disease, and cohort studies that did not use stringent tuberculin testing
before vaccination were all excluded. For each study design, further criteria were developed to
determine which studies had all necessary data and were therefore suitable for data extraction.

Data extraction
Data extraction of English-language papers was carried out by one reviewer and checked by
a second reviewer. Any disagreements were resolved by consensus. A baseline data extraction

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is
not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.

Xi



Xii

form was used to collect information on study design, participants’ characteristics, years of
recruitment and follow-up, characteristics of BCG vaccination, including strain and whether
preceded by tuberculin testing, characteristics of tuberculin testing, Mycobacterium tuberculosis
Koch infection, regional vaccination policies, BCG vaccination procedures and properties, and
tuberculosis outcomes. The Cochrane Risk of Bias tool was used to assess bias in randomised
controlled trials (RCTs). Bias assessment forms were developed in order to assess the
observational study designs.

Analysis
Estimates of BCG vaccination efficacy were derived for each study and displayed in forest
plots together with both fixed- and random-effects summary effect estimates categorised by
site of disease and study design. Variation in efficacy according to latitude of study location,
age at vaccination (and tuberculin testing stringency for trials), BCG strain (for trials), and
diagnostic detection bias whether prospective or retrospective design for cohort studies were
examined. Meta-regression analyses were conducted, when sufficient studies were available,
for each outcome and heterogeneity was quantified by estimating the between-study variance,
tau-squared, using restricted maximum likelihood, using the metareg command in Stata 11
(StataCorp LP, College Station, TX, USA). The analyses of the duration of protection by BCG
vaccination focused on changes in efficacy with time since vaccination (or age as proxy for time
since vaccination, for infant vaccination) and was estimated within studies.

Results

Study selection
A total of 21,030 references were identified through the literature search. The titles, and abstracts
if available, were screened for eligibility. Full-text copies of 800 articles selected for potential
inclusions were retrieved. In total, 211 articles met the inclusion criteria for this review (of which
60 were published in non-English languages), providing data on 132 studies.

Efficacy
The results of trials and observational studies are consistent with previous observations that
protection against pulmonary tuberculosis in adults is variable and greater away from the
equator. One finding is that BCG vaccination efficacy was usually high, and varied little by form
of disease (although magnitude of protection appeared to still be higher against meningeal
and miliary tuberculosis) or study design when BCG vaccination was given only to infants or
to children after strict screening for tuberculin sensitivity. There were not enough studies to
determine the individual impact of prior tuberculin sensitivity, age at vaccination and latitude.
High levels of protection against death were observed from both trials and observational studies.
Our analysis found that the protective effect of BCG vaccination did not differ by the strain of
BCG vaccine used in trials.

Duration
We found good evidence from trials and observational studies that BCG vaccination protects
against pulmonary and extrapulmonary tuberculosis for up to 10 years. Most studies either did
not follow up participants for long enough or had very few cases after 15 years. The meagre
evidence from the majority of trials should not be taken to indicate an absence of effect: five
studies (one trial and four observational studies) provided evidence of measurable protection at
least 15 years after vaccination. Clinical efficacy declined with time. The rate of decline differed
between studies and, although the number of studies was limited, the pattern of decline was
consistent with faster decline in latitudes further from the equator and in situations where
BCG vaccination was given only to either infants or to children after strict screening for
tuberculin sensitivity.
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Conclusions

This review of clinical trials and observational studies confirmed that BCG vaccination provides
protection against tuberculosis, and that effectiveness of BCG vaccines in protecting against
tuberculosis varies considerably between populations, to an extent that cannot be attributed to
chance alone. BCG vaccination provided good protection when given to naive individuals. Age
at which the vaccine was given, pre-vaccination tuberculin sensitivity status and latitude were the
factors that explained most of the observed variation. There was no evidence that other factors
such as BCG vaccine strain explain the observed variation.

The strength of protection appeared to decline with time. There was evidence of protection
beyond 15 years; however, data were limited. Most studies either did not follow up participants
for long enough or had very few cases after 10 years. The absence of evidence from the majority
of trials should, therefore, not be taken as an absence of effect.

Recommendations for research
For bacillus Calmette-Guérin research

1. Further research into the duration of protection conferred by BCG vaccination would be
useful to inform future vaccination policy. We would recommend a case—control study
taking into account the purified protein derivative status of participants at vaccination, as
this approach is likely to be cheaper and provide results in the shortest amount of time.

2. Replication of the REVAC study (Brazilian revaccination study) (Rodrigues LC, Pereira
SM, Cunha SS, Genser B, Ichihara MY, de Brito SC, et al. Effect of BCG revaccination
on incidence of tuberculosis in school-aged children in Brazil: the BCG-REVAC cluster-
randomised trial. Lancet 2005;366:1290-5) in other settings to see whether similar or
different results would be obtained in different environments may also be beneficial.

3. Further research into the efficacy of BCG vaccination in those > 35 years should be
carried out.

4. Studies should investigate the role of stringent tuberculin skin testing in the protective effect
of BCG vaccination.

For new vaccines

1. Given the limited protection conferred by BCG vaccination against post-primary adult
pulmonary disease, new tuberculosis vaccines against these forms of the disease are of
high priority.

2. BCG vaccination appears to offer little or no protection to those previously infected with
M. tuberculosis. Vaccines that are effective in this group (‘post-exposure vaccines’) should be
a priority for research. This will require better animal models of tuberculosis that allow the
assessment of the efficacy of BCG vaccination against reactivation disease.

3. Future studies need to take into account the observation from this review that prior
tuberculin sensitivity is a key determinant of whether or not a trial shows significant
evidence of protection by BCG vaccination. This is particularly pertinent, as most trials of
new vaccines will be undertaken in high tuberculosis incidence countries that also have a
high burden of non-tuberculous mycobacterial infection.

4. Investigating the mechanism behind the failure of BCG vaccination to protect previously
sensitised individuals will provide useful information for the development of new vaccines
against tuberculosis. This should be assessed for different non-tuberculous mycobacteria,
prior BCG vaccination and tuberculosis exposure.

5. Future research should also investigate whether the clinical efficacy of new vaccines differs
depending on the predominant strain of M. tuberculosis circulating in the population, as well
as the interaction between the predominant circulating strains of M. tuberculosis and human
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genetic polymorphisms that affect susceptibility to tuberculosis. There is also a need for
studies in HIV-infected individuals.

Implications for practice
1. The economic analysis to inform the tuberculosis incidence threshold at which universal
BCG vaccination becomes cost-effective should be re-examined if further evidence emerges
that BCG vaccination protects for longer than 15 years.
2. There is a need to consider whether or not all individuals should be tested to identify those
likely to benefit from BCG vaccination, especially with the increased used of interferon-
gamma release assays for contact investigation.

Funding

The National Institute for Health Research Health Technology Assessment programme.
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Chapter 1
Aim of the review

uberculosis is a UK public health priority. Rates have increased > 0% over the last two

decades.! Immunisation with bacillus Calmette-Guérin (BCG) vaccine has been an
important component of the national control programme since 1953. In 2005, the policy on
BCG vaccination was moved from the universal vaccination of all tuberculin skin test-negative
schoolchildren to an approach that targets high-risk groups. This decision was informed by the
changing epidemiology of tuberculosis and criteria laid down by the International Union Against
Tuberculosis and Lung Disease (IUATLD).?

Data on the clinical effectiveness of BCG vaccination have been summarised in several

reviews, and show reasonable yet variable levels of protective efficacy.>* One key element of the
application of this information to national tuberculosis control programmes is the duration of
protection provided by the BCG vaccination. In common with many other vaccines, information
on duration of protection (and diminution of effect over time since vaccination) by the BCG
vaccination is scarce. Evidence has emerged over recent years*S to suggest that the measurable
duration of protection by BCG vaccination may exceed previous estimates.” Such information is
essential both to estimate the impact of BCG vaccination programmes (including cost efficacy)
and for rational decisions on the utility of repeat vaccination and introduction of new booster
vaccines. This systematic review was commissioned by the National Institute of Health Research
(NIHR) Health Technology Assessment programme to assess the available evidence on duration
of protection by BCG vaccine.

Key research objectives
Primary objective
To assess and quantify changes in protection by BCG vaccination over time, against all
tuberculosis, tuberculosis mortality, pulmonary tuberculosis and extrapulmonary tuberculosis
(meningeal, miliary and other extrapulmonary sites separately and together), based on controlled
trials and observational studies.

Secondary objectives
To estimate, where the data are available:

1. overall efficacy for the above tuberculosis disease categories
2. variations in efficacy according to:
i. latitude/geographic region
ii. whether prior tuberculin sensitivity was an exclusion criterion for BCG vaccination and,
if so, the stringency of the test criterion
iii. time since vaccination and age at vaccination (neonatal, school age, adult/occupational),
if possible separating the effect of time since vaccination from that of age
iv. risk of bias in the different study designs
V. vaccine strain
vi. gender
vii. human immunodeficiency virus (HIV) status.
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Chapter 2
Background

Tuberculosis epidemiology
Tuberculosis remains a significant and preventable cause of morbidity and mortality globally.
The World Health Organization (WHO) estimates that there are about 9 million new cases
of, and 1.6 million deaths from, tuberculosis annually.® Globally, tuberculosis continues to
disproportionately affect low- to middle-income countries, with the highest burden of disease in
South-East Asia, Africa and Eastern Europe.® The incidence of tuberculosis is currently declining;

however, there is considerable variation in the rates at which this is happening in different regions
of the world.®

The incidence of tuberculosis has increased steadily over the last two decades in the UK, with
over 9000 cases reported annually (Table I).”' There is significant variation in the incidence

of tuberculosis by region and within regions. The highest burden of disease is in urban areas
(Figure 1), with London accounting for about 40% of cases. The incidence of childhood
tuberculosis, including miliary disease and meningitis, has remained stable in the UK." The
proportion of cases with anti-Mycobacterium tuberculosis Koch drug resistance is also increasing
in the UK.? One of the advantages of an effective vaccine is that it should protect against
drug-resistant strains.

Bacillus Calmette-Guérin vaccine and its history

The BCG vaccine, derived from an isolate of Mycobacterium bovis at the Institut Pasteur in Lille,
France, was first given to a human, orally, in 1921 to prevent tuberculosis. Following this, its use
increased across Europe. It was not until the 1930s, however, that the first formal trial of BCG
vaccination was undertaken, in Native Americans.’ By the 1940s, BCG vaccination, administered
percutaneously or intradermally, had been shown to be efficacious in several studies.>'*** In the
1950s, two major trials were initiated in the UK and the USA, by the Medical Research Council
(MRC) and the United States Public Health Service, respectively.'*'> The results of the two trials
were conflicting: the study in the UK found that BCG vaccination was highly efficacious against
tuberculosis, whereas the US study concluded that it provided very little protection. Based on
this, the UK implemented a policy of universal vaccination of all school-age children who were
tuberculin skin test negative, and the USA opted not to use BCG vaccination routinely other
than for select high-risk situations. Globally, the use of BCG vaccination increased, supported by
recommendations from the WHO.

Bacillus Calmette-Guérin vaccine efficacy

The efficacy of a vaccine is defined as the per cent reduction in risk of disease in vaccines when
compared with similar and similarly exposed unvaccinated individuals. There has been a trend
in recent years to restrict the word ‘efficacy’ to refer to measures derived in randomly controlled
trials, and to use the word ‘effectiveness’ in observational studies. It is important to note that this
is not always accurate, as some trials will, strictly speaking, be assessing effectiveness and not
efficacy. Nevertheless, as this review covers both trials and observational studies, we will use the
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FIGURE 1 Map of tuberculosis rates per 100,000 population by primary care trust in the UK 2007-9." Reproduced
with permission from Public Health England. Contains public sector information licensed under the Open Government
Licence v1.0.

term ‘efficacy’ when referring to trials and effectiveness for the results of observational studies to
simplify the presentation of data.

Despite considerable debate regarding its role in tuberculosis control globally, BCG vaccination

is widely used, with over 100 million doses given annually. Randomised controlled trials
(RCTs) and case—control studies have shown consistently high efficacy of infant vaccination in
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TABLE 1 Tuberculosis rates per 100,000 population in England by region 2000-91°

Region

East East of North- North-  South-  South-  West Yorkshire and
Year Midlands  England London east west east west Midlands  the Humber Total
2000 10.1 5.3 36.5 6.2 9.2 5.8 4.7 134 11.1 124
2001 13.2 6.0 35.9 7.0 9.5 5.8 4.3 134 11.1 12.7
2002 1.4 6.4 40.6 6.0 9.4 6.0 4.6 15.1 10.1 13.4
2003 10.9 5.8 415 5.6 8.5 6.9 4.2 147 10.9 134
2004 10.2 741 42.1 5.7 8.4 7.2 5.4 17.3 10.7 14.0
2005 125 8.1 46.2 5.2 10.9 6.9 5.2 17.3 11.0 151
2006 13.0 7.8 44.2 55 10.3 8.0 5.4 17.5 13.0 154
2007 125 6.7 42.7 7.7 10.7 8.2 5.3 174 124 151
2008 12.3 8.2 44.4 6.9 10.8 8.2 5.5 18.7 12.2 154
2009 12.3 8.4 44.4 6.5 11.8 9.3 6.1 18.7 134 16.0

preventing severe forms of primary tuberculosis, which usually present as meningitis and miliary
disease, but also as pulmonary disease in childhood. Its effectiveness against pulmonary disease
in adults is more complex.’ More recently, Trunz et al.,* using the data from the same trials
included in previous reviews, estimated the efficacy of BCG vaccination against meningitis and
miliary tuberculosis to be 73% and 77%, respectively. There is evidence that neonatal vaccination
is very cost-effective in medium- and high-incidence settings on the basis of prevention of
meningeal and miliary tuberculosis alone.* Several systematic reviews>*'¢-'8 have shown that
efficacy is variable and have controversially produced pooled estimates of the efficacy of BCG
vaccination from overall protective efficacy estimates of 50'°~74% against mainly pulmonary
disease if vaccinated in infancy and 86% for miliary disease or meningitis.* However, there is
substantial heterogeneity in protection against mostly pulmonary disease between studies,'® with
estimated efficacy ranging from 0% in the South India trial to 84% in the MRC trial conducted
in the UK during the 1950s and 1960s."*-2! There is evidence that BCG vaccination does protect
individuals who are already infected with M. tuberculosis.?* Furthermore, there appears to be

a strong association between vaccine efficacy (VE) and the latitude at which the study was
conducted.” BCG vaccination has also been shown to be protective against other infections such
as leprosy.?* Only limited evidence on the efficacy of repeat BCG vaccination is available, largely
consistent with the absence of additional benefit from further doses.**

Several hypotheses have been proposed to explain the different estimates of efficacy obtained
in various BCG vaccination trials. These include the potential for different BCG strains

to induce different levels of protection, and environmental factors, in particular variation
between populations in their exposure to environmental mycobacteria. There appears to be a
strong association between VE and the latitude at which the study was conducted,” and this
has been interpreted as resulting from variations in prevalence of mycobacteria. A previous
review concluded that the strain of BCG vaccine does not explain the differences in efficacy.”
In addition, BCG vaccination may be better at protecting against certain forms of tuberculosis
disease (such as primary disease) than other forms (such as reactivating disease).’

The idea of genetic differences in strains of M. tuberculosis explaining observed differences
was initially suggested by Mitchinson et al.”” as an explanation for the lack of effect observed
in the Chingleput study,? but this was subsequently abandoned following further experiments
in guinea pigs.”” Although there is no new evidence that genetic difference between strains of
M. tuberculosis is an important factor in explaining the observed heterogeneity, interest in this
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subject may re-emerge with more widespread deoxyribonucleic acid (DNA) fingerprinting of
M. tuberculosis, as well as the advent of whole-genome sequencing as a tool for investigating
outbreaks of tuberculosis.”

Recent data suggest that human genes influence susceptibility to tuberculosis. The exact
mechanisms for genetic susceptibility still remain unclear. Several genes have been

implicated, including those that control the immune response to M. tuberculosis [such as
5-hydroxycholecalciferol receptor polymorphisms, natural resistance-associated macrophage
protein (NRAMP) and human leucocyte antigen (HLA) types]. This has led to the suggestion that
genetic differences may explain some of the variation observed in the effect of BCG vaccination.
Some observed non-significant racial differences in susceptibility also point to a genetic cause for
the observed variation.* By contrast, UK data show that BCG vaccination provides protection
among Asians in the UK,*>** despite the negative results from India."

Several candidate vaccines are in various stages of clinical trials. The vaccines range from those
that improve the current vaccine BCG to recombinant vaccines which can replace the BCG
vaccination. The most promising appear to be booster vaccines to top up the immunity of
existing BCG vaccination.** The process of developing a new tuberculosis vaccine is extremely
complex, as the immune response produced by an effective vaccine needs to go beyond the level
of the initial natural immune reaction of the body, which failed to prevent infection in the first
place. An understanding of the mechanism by which BCG vaccination protects when it does,
and what explains variation in protection, will allow further work to investigate why immunity
appears to wane over time and for how long it remains at an appreciable level, and also inform
the development of future vaccines.

It is recognised that various BCG vaccines result in different reactogenicity and tuberculin skin
sensitivity. Some of this is thought to arise from differences in the numbers of viable and dead
organisms as a result of processing techniques, as well as possible differences in vaccine strain.
However, tuberculin sensitivity is not a correlate for protection.

A well-recognised limitation affecting studies of BCG vaccination efficacy, and future vaccines
against tuberculosis, is the lack of a good marker of an effective immune protection.* This has
implications for the development of new vaccines against tuberculosis. Current approaches
include the use of assays to measure T-cell responses. There is little evidence that these measures
are correlated with protective effects of vaccination. Ongoing research to better understand
responding T-cell populations and the inclusion of functional bactericidal assays into clinical
trials may improve this situation.” A further limitation of studies investigating VE is the lack

of good animal models; most current available models allow the investigation of primary
progressive disease rather that subsequent reactivation disease. The latter is the main cause of
morbidity and mortality globally.

Evidence relating to the duration of protection by bacillus
Calmette-Guérin vaccination

Until recently there was little evidence of protection lasting beyond 10 years.” This raises a
concern in the UK given the move to neonatal BCG vaccination in at-risk populations in which
risk is greatest in early adulthood. Although infant vaccination prevents serious childhood
forms of tuberculosis, the incidence of tuberculosis is greatest in early adulthood. Recent
additional follow-up of BCG vaccine studies, however, have reported protection (at a lower

but measurable levels) lasting for decades.>® An updated systematic assessment of duration of
protection is required for evidence-based policy. The only published review” investigating the
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duration of protection by BCG vaccination was unable to identify convincing evidence of a
consistent pattern of protection over time, or of any evidence of protection against pulmonary
disease lasting > 10 years. In that review, the pooled estimate of protection after 10 years was 14%
[95% confidence interval (CI) -9% to 32%]. Considerable heterogeneity was observed between
studies in the annual change in BCG VE with time since vaccination. There was also no relation
between average annual change in efficacy and overall efficacy.

The heterogeneity observed in changes in BCG vaccine protection over time may result from a
variety of factors (including those proposed as an explanation for differences in overall efficacy)
or from differences in the rate of decline between studies with higher and lower initial protection.
As with most vaccines, immunological memory may wane with time, leading to lower protection
among the vaccinated. In addition, the inclusion in the study population of a large proportion

of infected individuals at the outset (whom BCG vaccination would not be expected to protect)
may lead to apparently lower protection in the initial period. Other explanations proposed
include decreasing susceptibility among the unvaccinated as a result of continued exposure to
environmental mycobacteria and an increase in the proportion of cases caused by reactivation or
reinfection, against which BCG vaccination may not protect.

It is important to note, however, that the absence of evidence of an effect is not evidence of
absence of an effect. Evidence on duration of the effect of BCG vaccination is needed to improve
the reliability of estimates of the impact of BCG vaccination on disease. Furthermore, it would
be important for cost-effectiveness analysis and would inform the rationale for booster doses

of vaccine.

Current local and international policy

UK policy on bacillus Calmette—-Guérin vaccination
Along with targeting risk groups from high tuberculosis burden countries, routine BCG
vaccination of schoolchildren of aged 10-13 years has been part of the vaccination programme in
the UK since 1953. In 2005, the Department of Health restricted the BCG vaccination policy to
a risk-based approach, according to which children are eligible for vaccination in infancy if they
have a parent/grandparent originating from a high-incidence country. Infants are also eligible
if living in a part of the UK with a high incidence of tuberculosis (>40 per 100,000). Some
occupational groups, and uninfected contacts of tuberculosis cases, are also recommended to
receive BCG vaccination.*

International policy comparison
The current global recommendation is to administer BCG vaccination at birth (or first contact
with health services), in particular in developing countries. This advice is based, to a large
extent, on consistent evidence that BCG vaccination protects against serious childhood forms of
tuberculosis, whereas it does not consistently protect to a high degree against adult pulmonary
tuberculosis. A limited number of countries have used repeated/booster BCG vaccinations in the
past, for example Switzerland and Portugal (BCG vaccination in infancy and then at school entry
or leaving), and in some Eastern Europe countries BCG vaccination has been given up to five
times using a variety of criteria. The USA and the Netherlands have never recommended routine
BCG vaccination in their tuberculosis control programmes.*’

International Union Against Tuberculosis and Lung Disease criteria
The IUATLD has suggested criteria under which it may be reasonable for a country to move from
routine BCG vaccination to selective vaccination of high-risk groups.? The IUATLD recommends
that BCG vaccination be discontinued where:
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m an efficient notification system is in place and

m  the average annual notification rate of smear-positive pulmonary tuberculosis is <5 per
100,000, or

m  the average annual notification rate of tuberculous meningitis in children of <5 years of age
is <1 per 10 million population over the previous 5 years, or

= the average annual risk of tuberculous infection is <0.1%.

Several low-incidence countries including the UK have met these criteria and have discontinued
universal BCG vaccination and moved to a selective policy based on these criteria.

Bacillus Calmette-Guérin coverage

At the moment it is not possible to calculate BCG vaccination uptake for the UK overall, or by
primary care trust (PCT) or local authority. This is because one cannot ascertain the number
of vaccinated infants [only aggregate data on the doses of BCG vaccine given are collected
nationally through Korner Code 50 (KC50) returns] or the number of eligible children.
Furthermore, there is no estimate of children at risk based either on national guidelines in
England or on specific PCT policies. The very limited, and imperfect, estimates carried out
suggest variable coverage.

In addition to the KC50 returns, the national tuberculosis surveillance system started collecting
data on the BCG vaccination status of tuberculosis cases in 2009. Data on previous BCG
vaccination were available for 52% of cases in England, Wales and Northern Ireland (4473/8555)
in 2009; 71% (3166) were reported to have previously received BCG vaccination.
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Chapter 3

Systematic review methods

Introduction
There were four stages of literature retrieval and appraisal:

search of medical literature databases and hand-searching reference lists of relevant reviews
screening search hits for potential eligibility based on title and abstract

inclusion assessment of full papers

data extraction and bias assessment.

==

Search strategy

Search engines
Studies were systematically identified by searching electronic medical literature databases, trial
registers, grey literature sources and relevant websites. The following databases were searched
from inception/1920 to May 2009: MEDLINE (1950 to May 2009), MEDLINE In-Process &
Other Non-Indexed Citations (1950 to May 2009), Old MEDLINE (1946-65), Excerpta Medica
Database (EMBASE) (1980 to May 2009), Cochrane Central Register of Controlled Trials
(CENTRAL), Cochrane Database of Systematic Reviews (CDSR), Database of Abstracts of
Reviews of Effects (DARE), Health Technology Assessment (HTA) database and NHS Economic
Evaluation Database (NHS EED) databases on The Cochrane Library Issue 2 2009, Science
Citation Index (ISI) Web of Knowledge (1900 to May 2009), Bioscience Information Service
BIOSIS (1985 to May 2009), Latin American and Caribbean Health Sciences Literature (LILACs)
(1980 to May 2009), MEDCARIB (1920 to May 2009) and Cumulative Index to Nursing and
Allied Health Literature (CINAHL) (1982 to May 2009). Between April 2009 and October
2009, additional databases were searched, including Index to Theses, System for Information
on Grey Literature in Europe (SIGLE), Centre for Agricultural Bioscience International (CABI)
Abstracts, Scopus, Article First, Academic Complete, Africa-Wide Information, Google Scholar,
Global Health, British National Bibliography for Report Literature, http://clinicaltrials.gov and
www.controlled-trials.com. Full details of the search engines used and websites consulted are
documented in Appendix 1.

Search terms
Medical subject headings and text-word terms for the disease and the intervention were
combined in a search strategy that was developed by an experienced information specialist (MB)
and in discussion with tuberculosis specialists (IA, PE, DE, PS and ML). Disease terms included
TB, tuberculosis, tubercle bacill*, M. tuberculosis complex, M. bovis, M. africanum, M. canetti, M.
microti and M. tuberculosis. Terms for the intervention included BCG Vaccine, BCG, BCG Vacc¥,
BCG Imm?*, bacillus calmette. The search strategy was modified as appropriate for use in the
various databases. In order to maximise sensitivity we did not add any additional terms for study
design and did not restrict on language. Details of the databases searched and search strategies
used are described in Appendix 1. All references were downloaded into Reference Manager,
version 11 (Thomson ResearchSoft, San Francisco, CA, USA), and de-duplicated.
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Hand-searching
Reference lists of included studies and previous reviews of BCG vaccine were screened and
experts in the area of tuberculosis and BCG were contacted to identify additional studies. All
studies previously included in Sterne and Rodrigues’ were searched for and included.

Selection of papers

All stages of the review process were managed using a Microsoft Access 2007 (Microsoft
Corporation, Redmond, WA, USA) database developed specifically for the review.

Abstract appraisal
Titles and abstracts of publications identified by the searches were independently assessed for
potential inclusion by two members of the review team (LND and RB). Discrepancies were
discussed and disagreements resolved through consensus or referral to a third reviewer (IA,
PM, PW or JACS). Primary studies reporting on the efficacy of BCG vaccination in preventing
tuberculosis diseases were considered potentially eligible. Full, peer-reviewed articles and non-
peer reviewed articles (e.g. conference abstracts and dissertations) reporting primary data on
the efficacy of protection by BCG vaccination in preventing tuberculosis disease were included.
Studies available only as abstracts were included only if sufficient data were available from the
abstract. Any reference nominated for inclusion by one or both assessors was retrieved for full
paper inclusion assessment. When it was not possible to determine study eligibility from the title
and/or abstract, the full manuscript was retrieved.

Inclusion criteria
Full-text papers were independently assessed for inclusion in the systematic review by three
members of the review team (LND, RB and LP).

Studies that met the following criteria were included in the review:

primary study of any design except case series and ecological studies

appropriate study design: trial or observational, not ecological or case series
study including both vaccinated and unvaccinated participants

study reporting on protection against tuberculosis disease not infection

study not including revaccination

study reporting sufficient data to construct a 2 x 2 table or relevant outcome data.

Appendix 5 contains details of all papers that were excluded after initial review, with justifications.

Data extraction strategy

Data extraction methods
Data extraction of English-language papers was carried out by one reviewer (RB, LND or LP) and
checked by a second reviewer (RB, LND or LP); any disagreements were resolved by consensus.
If an agreement could not be reached, a third reviewer was consulted (IA, PM, PW or JACS).
Foreign-language papers were reviewed by trained and supervised extractors (LND and LP) for
final inclusion. Further cleaning during the data analysis phase was conducted (CA and LP).
A baseline data extraction form was used to collect information on study design, participants’
characteristics, dates of recruitment, tuberculosis infection, regional vaccination policies, and
BCG vaccination procedures and properties (see Appendix 2).
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Duplicate publications reporting results from the same study, or reporting additional data on the
same study, were identified. Studies that were similar in terms of one or more of the following
variables were identified: region of study, calendar-years of participant recruitment and authors.
These were reviewed to determine whether or not they related to the same study. If two or

more studies related to exactly the same population with no additional information, only one
publication was included in the review, with the publication selected being the one that reported
the most detail or was most recently published. If multiple publications related to the same study
and provided additional details, all were included in the review but they were included as a single
study to ensure that the same patients did not contribute more than one set of data to the meta-
analysis. Publications were identified using their Reference Manager ID, and an additional ‘study
ID’ was assigned to all publications; multiple publications relating to the same study had a single
study ID.

Data on study results were extracted into a separate form to allow for multiple results to be
extracted on a single study linked by study ID. Tuberculosis case definition, reported outcome,
2x2 data on BCG vaccination efficacy, summary results and any adjustments were also extracted.

Reviewers were not blinded to the names of study authors, institutions or publications. When
case definition or background details were not present in the paper from which the results were
extracted, but in another paper, this additional information was extracted with a note stating that
it came from another publication. The decision was made not to contact authors of publications if
2x2 data of BCG vaccination efficacy or summary estimates because the majority of papers were
published before 1973.

For studies assessing BCG vaccination status through scar reading, it was assumed that BCG
vaccination was intradermal, and this assumption was recorded in the extraction form.
Tuberculin sensitivity tests were recorded if they had been conducted, along with the strength of
purified protein derivative (PPD) used and the size of the reaction and whether or not two-stage
testing was used, which was used as the definition of stringent tuberculin testing.

Only studies of injectable BCG vaccination were extracted. All studies using oral BCG or non-
BCG tuberculosis vaccines (e.g. vole bacillus, Savioli anti-tuberculosis vaccine or other heat-
killed bacillus vaccines) were excluded. Only studies with a comparator group that had received
no vaccination, placebo or other control were extracted.

Studies with outcome measures of tuberculosis disease and/or tuberculosis mortality reported in
sufficient detail to construct a 2 x 2 table or relevant outcome data that were sufficient to calculate
efficacy measures were extracted.

Studies were not extracted if they met any of the following criteria:

m  Studies reporting on the efficacy of BCG vaccination in preventing M. tuberculosis infection,
as measured by a positive interferon-gamma release assay (IGRA) or tuberculin skin test.

®  Any study in which the outcome was only M. tuberculosis infection and not tuberculosis
disease or mortality.

m  Studies evaluating the effect of revaccination only. However, if a study reported on
revaccination but it was possible to extract data on those that were vaccinated only once, it
was included in the review.

m  Studies examining the site or severity of tuberculosis disease among cases only in BCG
vaccine recipients and non-recipients.
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Randomised controlled trials

Studies that attempted to allocate participants (even those in which the mode of allocation was
not clearly described) were classified as clinical trials. This decision was based on the fact that

all reviewed trials were conducted several decades ago, prior to the development of modern
standards for the reporting of trials. A few studies allocated a proportion of participants and not
another. When data could be separated, the allocated section was considered as a clinical trial and
the non-allocated section extracted as a cohort. If data could not be separated, the whole study
was recorded as a cohort.

Case-control studies

In assessing case—control study eligibility for extraction, we assessed whether the control
subjects were likely to have come from the same population as cases (scope for selection bias
was reduced). For hospital-based studies, selection bias was judged to be minimal (1) if there
was no detail on the disease status of control subjects but there was no mention of the hospital
being a specialist reference centre for a particular disease or (2) if <30% of control subjects were
admitted for diseases that might indicate a different health-seeking behaviour than cases and
other control subjects.

If either of the above criteria was not fulfilled for hospital control subjects, the study was not
classed as having control subjects from the ‘same population, and publications were excluded.
To avoid exclusion of infected subjects from vaccinated but not from unvaccinated groups, we
excluded case—control studies conducted in populations vaccinated outside the neonatal period,
if tuberculin testing was undertaken to exclude positive reactors before vaccination. This was
unless all unvaccinated subjects (cases or control subjects) were also tuberculin tested at the

age of recommended vaccination. This is because studies that were not able to restrict the study
population to those not already infected at the age when they would have received vaccination
may be biased because the number of tuberculosis cases in the unvaccinated group would

be higher than normal, because those infected with tuberculosis would be over-represented
among those unvaccinated, and thus would lead to an overestimate of the effect of the BCG
vaccination.*® Case-control studies with a matched design but no matched analysis were included
to avoid losing useful information; this was addressed in the analysis.

Cohort studies
Cohorts were extracted only of children, vaccinated and unvaccinated, who were tuberculin
tested before vaccination and were tuberculin negative.

Case population studies

A case population study is undertaken on the total population of a geographical area. Data on

all cases emerging during the study period in the population of interest are ascertained through
surveillance and all other persons in the population are regarded as ‘control subjects. The
characteristics of cases occurring in the population (notably, their possible previous exposure

to a given risk factor) are compared with those of the entire set of subjects in the population
(supposing that demographic, health or drug use statistics for the whole population are available).
The validity of this approach assumes the existence of a surveillance system capable of identifying
all of the cases of an event within the population. The null hypothesis is that, in the absence of an
association between risk factors and event, the odds of exposure are identical among cases and
the rest of the population, barring sampling variations.*

Cross-sectional and outbreak studies

Cross-sectional studies are those in which data on BCG vaccination and tuberculosis outcome
are collected at the same point in time, whereas outbreak studies refer to investigation of BCG
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vaccination effectiveness that were undertaken using an observation study design following the
occurrence of an outbreak of tuberculosis.

To be included case population studies, cross-sectional contact and outbreak studies had to
account for tuberculin positivity in the design or analysis, or BCG vaccine must have been
administered neonatally.

The detailed data extraction forms are included in Appendix 2.

Bias assessment criteria

As part of the extraction procedure, one reviewer (RB, LND or LP) independently assessed the
risk of bias of each study. This was checked by a second reviewer (RB, LND or LP) and consensus
reached in cases of disagreement. The risk of bias assessment of foreign-language publications
was discussed and agreed on between the foreign-language extractor and supervising reviewer.
Risk of bias assessments were extracted once per study (i.e. if a study was reported in multiple
papers, a single bias assessment was completed). A risk of bias assessment form was developed
for each study type. The results of this are listed in Appendix 2.

Clinical trials
The Cochrane Risk of Bias tool was used to assess bias in RCTs and quasi-randomised trials.
Studies in which the mode of allocation was alternation or birth date were considered ‘quasi-
randomised’ and the method of sequence generation was extracted as ‘alternation;, ‘birth date,
‘employee number’ or any other quasi-method used.

If a placebo vaccination was given, the study was considered blinded only at the point of
vaccination, and the patient and vaccinator were considered adequately blinded. The nature of
the participants was not taken into account while assessing blinding, i.e. no account was taken of
whether subjects were adults, such as nurses, or infants.

Specific quality assessment criteria ‘Diagnostic Detection bias’ were used for tuberculosis trials
based on a paper by Clemens et al.** This was assessed a priori from a combination of two fields:
the method of follow-up (active, i.e. regular chest radiography or active forms of follow-up, or
passive, i.e. obtaining cases from routine surveillance) and whether or not the outcome assessors
were blinded to the BCG vaccination status of the patient. Studies with passive case finding and
no blinding of outcome assessors with regards to the vaccination status of participants were
considered to have a higher risk of detection bias. Other studies were considered to have a lower
risk of diagnostic bias.

Observational studies
Observational studies were assessed for bias using criteria that we developed, with risks of bias
qualified as high, low or unclear.

Case-control studies
Following discussion within the BCG systematic review group, rules were agreed and case-
control studies were assessed for risk of bias using the following criteria:

B Were BCG vaccination definitions the same for cases and control subjects?
®  Was disease status blinded to BCG assessors?
m  Were cases diagnosed assessed independently of vaccination status?

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is
not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.
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For case-control studies with a matched design, a criterion was developed based on whether
or not matching was performed in the analysis, as an unmatched analysis may have introduced
some bias.

Cohort studies
Cohort studies were assessed with regard to risk of loss to follow-up bias, treatment allocation
concealment, case ascertainment bias and incomplete case ascertainment bias.

Case population studies

Case population studies were evaluated based on whether or not cases and the populations
were consistent in terms of geography, time and age, as well as according to whether case
ascertainment was blind to vaccination status, disease status was blind to BCG assessors and
methods of case ascertainment were the same for vaccinated and unvaccinated.

Cross-sectional studies

Cross-sectional studies were assessed on whether BCG vaccination definitions were the same
for cases and control subjects, whether disease status was blinded to BCG assessors and whether
cases and control subjects were assessed independently of vaccination status.

Statistical analysis

Types of study
Study design affects the robustness of findings owing to differing ability to control for
confounding or to minimise bias. All analyses were therefore stratified according to study design,
as follows:

1. clinical trials
2. observational studies:
i. case-control studies
ii. cohort studies
iii. case population studies (studies in which cases were compared with the general
population rather than with individual control subjects)
iv. cross-sectional studies in the general population
v. cross-sectional studies in contacts.

Analysis of single studies
Data for each study were checked to identify possible data entry problems. For each study, the
rate ratio for vaccinated compared with unvaccinated individuals was derived for the longest
duration of follow-up (see Table 3), with 95% CI. For case—control and cross-sectional studies,
odds ratios (ORs) (which were assumed to approximate rate ratios in the general population)
were derived. If sufficient data were available, published estimates were compared with those
directly calculated from summary data (e.g. 2 x 2 tables) and if data existed for two or more time
periods then estimates of effect [ORs, rate ratios or risk ratios (RRs)] and 95% Cls were plotted
over time. If published results from cohort studies were shown as rate ratios or VE, these were
used directly. If person-years (PYs) were provided, calculations of the rate ratios and Cls were
based on these. If data were in the form of a 2 x 2 table, the calculated rate ratios and CIs made
no adjustments for losses to follow-up, and so assumed a fixed follow-up period. If some of the
randomised groups had no cases, 0.5 was added to calculate RRs. Poisson regression was used
to quantify changes in rate ratios with time, by estimating the increase in log-rate ratios per unit
time. We also compared rate ratios between fixed time periods (e.g. efficacy in the first 10 years
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since vaccination compared with efficacy beyond 10 years). If data permitted, rates of change
were examined for non-linearity. RCTs were assessed according to a variable combining age at
vaccination and stringency of tuberculin testing protocols prior to vaccination. This variable
contained studies of neonatal vaccination, in which participants are considered to be tuberculin
negative prior to vaccination, regardless of prior tuberculin testing. Other vaccination ages were
classified according to whether or not tuberculin testing was stringent. A stringent tuberculin
testing protocol was defined as a two-stage testing, with retesting of initially tuberculin-negative
participants using a higher dose of tuberculin to confirm negativity before vaccination.

A non-stringent tuberculin testing study was defined as one that did not exclude participants
based on tuberculin testing prior to vaccination or excluded subjects based on a single round of
tuberculin testing. Although the strength and type of PPD used differed between studies, our
criteria of ‘Stringent’ testing, which includes a two-stage testing with retesting of initial non-
reactors with a stronger dose of tuberculin, allowed exclusion of participants previously sensitised
with M. tuberculosis. (The strength and type of PPD ranged from 1 TU of RT23 and Tween 80

in 0.1 ml on the volar surface of the left forearm, with no information on the time of reading to

a two-stage testing protocol with intracutaneous injection of 0.00002 mg PPD-S from Phipps
Institute into the forearm, followed by 0.005 mg PPD-S for non-reactors to the first dose, both
read at 48 hours.)

Bacillus Calmette-Guérin strain

Randomised controlled trials were analysed according to strain of BCG used. Studies that
provided information on the strain of BCG used were classified using information from Brewer et
al.'” to place within a phylogenetic group defined by Brosch et al.*! When the BCG strain was not
provided, efforts were made to identify the strain lineage from Brewer et al.* and other literature
sources.” As the greatest number of trials reporting which BCG strain was used reported on
efficacy for all types of tuberculosis not separately by site, this analysis was performed only for all
tuberculosis morbidity outcomes, and not for pulmonary tuberculosis alone.

Meta-analyses
Overall efficacy by categories of tuberculosis outcomes
Results from each study, together with both fixed- and random-effects summary effect estimates,
were displayed in forest plots. Meta-analyses were carried out using (log-) rate ratios, and results
were displayed both as rate ratios and as VE (=1 - rate ratios) if this was appropriate. Differences
between fixed- and random-effects estimates suggest that there are differences between RRs
estimated from smaller and larger studies.

In some studies, vaccination was restricted to individuals who were screened for M. tuberculosis
infection and confirmed uninfected, whereas the control group may have included individuals
who were not eligible for vaccination. Studies in which an attempt was made to adjust estimated
efficacy for the tuberculin-positive population were included in meta-analyses. Studies that did
not account for the tuberculin-positive population were reported separately, and excluded from
meta-analyses.

Variation in efficacy according to characteristics of individuals

and studies

Whenever possible, differences in efficacy according to characteristics of individuals (e.g. gender
or age) were estimated by comparing efficacy [using ratios of RRs (RRRs)] between subgroups
of individuals within studies. Investigation of the reason behind variation in efficacy in different
studies used meta-regression, and quantified how much of the heterogeneity in estimates of
efficacy was explained by selected factors.
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16 Systematic review methods

Differences in efficacy between subgroups of studies (e.g. those classified as at low or high

risk of bias, or those conducted at different latitudes) were quantified using random-effects
meta-regression to estimate RRRs. Heterogeneity (differences between the true vaccine effects

in the different studies) was quantified by estimating the between-study variance tau-squared
(1?). This is based on the assumption that the distribution of the true vaccine effects is normal:

T corresponds with the variance of this distribution. To illustrate the meaning of this quantity,
Table 2 shows the ratio of the effect (e.g. RR or rate ratio) at the 90th centile of the distribution to
the effect in a study at the 10th centile.

In forest plots and meta-analyses, T was estimated using the method-of-moments estimator
proposed by DerSimonian and Laird. Within meta-regression analyses, 1> was estimated by
restricted maximum likelihood, using the metareg command in Stata. We conducted both
univariable and multivariable meta-regression analyses: results from multivariable analyses were
interpreted with caution because the number of studies was typically small compared with the
number of study characteristics of interest.

We examined variation in efficacy according to the following characteristics.

Latitude of study location

Latitude of study location was stratified into groups of 10° latitude either side of the equator.
Meta-regression analyses collapsed these into 20° latitude groups. Forest plots stratified by 20°
latitude, for reference, are found in Appendix 6.

Age at vaccination and stringency of tuberculin testing

Bacillus Calmette-Guérin VE is known to vary widely with age at which vaccination is given.
Studies were classified depending on whether vaccination was given in infancy, at school age or at
any other age. The latter category includes studies in which vaccination was given to participants
of all ages.

Tuberculin sensitivity testing used for exclusion of participants prior to enrolment into a
randomised clinical trial was classified into two categories as ‘more stringent’ and ‘less stringent.
Studies with more stringent testing included those in which vaccination was neonatal, assuming
that neonates were not infected with M. tuberculosis before randomisation to vaccination

or control groups. Studies qualified as ‘less stringent tuberculin testing’ and ‘no tuberculin
testing’ were combined into one category for the purposes of presenting the forest plots and
meta-regression.

Vaccine strain

Bacillus Calmette—Guérin strain variation in VE was examined in terms of phylogeny and
attenuation lineage, both in a forest plot and as a scatterplot of the vaccine efficacy estimates for
study by year or study start, grouped by BCG strain lineage. Using the review by Brewer et al.,"”

TABLE 2 Ratio of the effect at the 90th centile of the distribution to the effect in a study at the 10th centile at each level
of between-study variance 2

Variance t° Standard deviation t Ratio of effect in study at 90th centile to study at 10th centile
0.02 0.141 1.44
0.05 0.224 1.77
0.10 0.316 2.25
0.20 0.447 3.15
0.40 0.632 5.06
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all studies were classified into a lineage group, the molecular basis of which was classified by
Brosch et al.*! Studies with strains not falling into any strain lineage family were each analysed as
a separate group. Studies in which the strain used was not reported were classified into a separate
‘not reported’ group.

Risk of bias in the different study designs

The study-specific risk of bias criteria were analysed in the meta-analysis. Criteria for which there
were very few details (e.g. all low risk of bias but for one study) were not included in the meta-
analyses but presented in the appendices.

Time since vaccination

To account for the stringency of tuberculin testing at baseline, we compared VE during
the first 5 years with efficacy after 5 years since vaccination, within two strata of tuberculin
testing stringency.

Gender
Data presented on efficacy according to gender were presented if these were available.

Human immunodeficiency virus status
Data on efficacy according to HIV infection status were presented if these were available.

Duration of protection

Analyses of the duration of protection by BCG vaccination included only studies in which
efficacy can be estimated separately according to time since vaccination, age at vaccination,

or both. Changes in efficacy with time since vaccination (or age for infant vaccination) were
estimated within studies and these estimates were then combined in meta-analyses. Random-
effects Poisson regression was used to estimate rates of change in the duration of protection
with time, allowing for between-study heterogeneity. If data permitted, we examined evidence
for non-linearity in the rate of waning protection, for example by including a quadratic term

for time. These models were also used to examine associations of study characteristics with the
extent and duration of protection. We also derived indirect estimates of changes in efficacy, for
instance by comparing estimates from case—control studies in adults and children who were
vaccinated at birth. However, such estimates should be interpreted with caution because of the
potential for confounding by other study characteristics (ecological fallacy). Decisions were made
not to plot studies in the duration plots for which there was no specified age at vaccination and/
or age at outcome assessment. Time since vaccination was broken down into four categories:
0-5 years after vaccination, 5-10 years, 10-15 years, > 15 years after vaccination. However, some
studies present data only for 0-5 years and are therefore missing from these plots.

Design-specific issues: controlled trials

For each outcome in each controlled trial, we classified results as at low, unclear or high risk
of bias, based on domain-specific assessments of risk of bias conducted using the Cochrane
Collaboration’s Risk of Bias tool. We compared estimates of extent and duration of protection
according with risk of bias. We reported sensitivity analyses restricted to studies assessed as at
low, and low or unclear, risk of bias if this was feasible.

Tuberculin sensitivity testing was assessed only in trials; cohort studies were included only if all
participants were tested before vaccination.

Only trials reports contained sufficient data on BCG strain to allow analyses on the variation of
efficacy by strain lineage.
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Design-specific issues: observational studies

Meta-analyses of crude and adjusted rate ratios were derived separately for each observational
study design. An a priori minimum set of confounders to designate a rate ratio as adjusted was
agreed based on consideration (blind to study results) of a tabulation of all the confounders
used in each study, stratified by study design. At minimum, results were not considered adjusted
unless they were controlled at least for age and sex.

We reported sensitivity analyses restricted to studies that adjusted for socioeconomic status (SES)
in their analyses.

Case-control studies

Further analyses were made of case-control studies that account for SES in adjustment or
matching. Factors that may bias estimates from case-control studies were examined by displaying
the results in forest plots stratified by these factors and their effects were estimated in meta-
regression analyses. These factors include whether a matched design had been ignored in the
analysis (giving ‘crude’ estimates from studies that have a matched design), and whether the
control subjects were sampled from the same population as the cases.

Cohort studies
Analyses were made of cohort studies that account for SES in adjustment.

Case population studies
The analyses were broken down only by latitude and age at vaccination for case
population studies.

Cross-sectional studies
Cross-sectional contact studies were not combined with cohort contact studies.

Issues of interpretation

We investigated whether it is possible to classify regions or settings according to categories of VE
(e.g. low, medium, high), based on whether it is possible to identify subgroups of settings and
studies within which the effect of BCG vaccination appears relatively consistent.

All meta-analyses were carried out using the metan and metareg commands for Stata version 11.0
(StataCorp LP, College Station, TX, USA).
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Chapter 4

Results

Studies included in the review

A total of 21,030 titles and abstracts were identified, through database searches and reference
screening, and screened. A total of 847 articles were considered potentially relevant, based

on title and abstract; attempts were made to retrieve all the full papers. Full-text copies of 800
articles selected from potential inclusions were retrieved (Figure 2). It was not possible to retrieve
or obtain further information on 48 articles. This was mainly due to incorrect referencing in

the databases searched, which made the references impossible to identify and retrieve. A few
references were requested from specific libraries but were not identified or retrieved and were
classified as unobtainable owing to time limits on the project.

In total, 211 articles met the inclusion criteria for this review, of which 60 were not published
in English. The included articles reported data on 132 individual studies: several papers were
published in relation to the same groups of patients. These were grouped together and data were

Records identified through database Additional records identified through
searching other sources
(n=25,122) (n=2218)

| |
v

N
RecorQs screened after ( Records excluded
duplicates removed > (1=20,183)
(n=21,030) L ’
N
A
s N
Full-text articles assessed
for eligibility
L (n=847)
A
Articles included in
qualitative synthesis 4 R
(n=211) Full-text articles excluded, with reasons (n=636)
N / Unable to obtain papers  (n=48)
Not a primary study  (n=77)
Inappropriate study type* (n=229)
h Did not include vaccinated and unvaccinated participants  (n=74)
Studies included in Did not report outcome data  (n=63)
quantitative synthesis Outcome was tuberculosis infection only  (n=21)
(n=132) Insufficient individual-level data to construct a2x2 table ~ (n=25)
Study participants were all tuberculosis patients  (n=16)
Studies providing data on Study included revaccinated participants  (n=30)
duration of BCG vaccination Animal studies  (n=21)
protection (n=36) Oral BCG vaccination  (n=32)
J N J

FIGURE 2 Flow diagram outlining the screening process for the review of BCG vaccination duration and efficacy.

a, Inappropriate study types include ecological studies, case-series, and case—control studies with inappropriate
vaccination and tuberculin testing protocols, in which tuberculin testing was performed prior to vaccination and only
non-reactors were vaccinated or where control subjects were not considered to come from the same populations from
which cases arose.
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extracted from the most informative or most recent article. Forty-eight of these additional papers
provided further information on the studies, and 37 provided duplicate data on the 132 studies.

Overview of available evidence

The characteristics of the individual included studies are shown in Appendix 3.

A total of 132 studies provided data on the efficacy of BCG vaccination against tuberculosis
outcomes. The included studies were categorised into six design types: 21 randomised control
trials, 26 case—control studies, 38 cohort studies, 20 case population studies, 19 cross-sectional
studies and eight outbreak studies.

Thirty-six studies gave sufficient data to estimate the duration of BCG vaccination protection.
A majority of studies (51) provided data on pulmonary tuberculosis as a specific outcome, 13 of
which gave data on BCG vaccination protection duration. Meningitis was an outcome reported
in 34 studies, while 13 reported on miliary tuberculosis. Twenty-six studies provided data on
extrapulmonary tuberculosis outcomes (with five giving sufficient data to evaluate duration of
BCG vaccination protection), and 19 studies reported tuberculosis mortality as an outcome.

Randomised control trials

Fifty-eight references gave information on 21 individual RCT studies, with 18 references
providing sufficient original data (three articles provided data on two separate studies).

Thirty articles gave additional data on these 21 trials and 10 provided duplicate data. Quasi-
randomisation was used in 13 trials, individualised randomisation in two, and the remaining six
studies provided no details on the method of randomisation.

Eighteen trials provided data on pulmonary tuberculosis, six provided outcome data on
tuberculosis meningitis and/or miliary tuberculosis (five on both outcomes and one on miliary
tuberculosis only), six studies also provided outcome data for extrapulmonary tuberculosis (not
recorded as tuberculosis meningitis or miliary tuberculosis) and six studies gave data on BCG
vaccination efficacy against tuberculosis mortality. Thirteen of the trials were conducted in

the USA and were initiated between 1933 and 1950.>'>>*-% Four trials were initiated in India
between 1950 and 1988 (the latter is the publication date).”®'->3 One trial each was conducted in
Canada (started in 1933),"® the UK (1950)," South Africa (1965)** and Haiti (1965)% (Table 3).

The trial with the smallest number of participants (n=35) was the US Mental Health Patients
study.* The study with the most participants, with 73,459, was Chingleput.?® The average number
of participants was 14,826.

Case-control studies

Thirty-five articles’***¢-% provided data on 26 case—control studies,****” seven gave additional
data®-* and two were duplicates.®”* Seven examined pulmonary tuberculosis,**¢>¢67072-7 14
examined tuberculosis meningitis and/or miliary tuberculosis®~¢>¢¢-%71727476 (1] provided data
only on tuberculosis meningitis”~626-68717%)  seven provided data on other extrapulmonary
tuberculosis outcomes,****%7>7478 and no case-control studies provided tuberculosis mortality
data. Seven of the case—control studies were initiated in India between 1981 and 2005 (the latter
is the publication date),”** with two studies started in each of the UK (1965; 1991),*>** Canada
(1975; 1979),%*¢* Thailand (1980; 1987)%> and Brazil (1975; 1981)*"® and one study each in
Papua New Guinea (1975),% Colombia (1977),” Republic of Korea (1979),” Argentina (1981),”
Indonesia (1981),” Myanmar (1983),* Nepal (1983),” Japan (1988),”® Saudi Arabia (1991),”
Mexico (1991)” and Madagascar (1992).”
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TABLE 3 Maximum duration of follow-up, latitude of study location and age at vaccination/stringency of tuberculin
testing for all RCTs

Age at vaccination and tuberculin testing

Trial Author Duration Years Latitude  stringency

Saskatchewan infants™ Ferguson 15 years 1933-48 >50° Neonatal

New York infants, randomised  Levine 11 years 1933-44  40-50° Neonatal

Native American® Aronson 63 years 1935-98  40-50°  School-age vaccination — stringent testing
Chicago Infants CCH* Rosenthal 23 years 1937-60  40-50°  Neonatal

Turtle and Rosebud infants* Aronson 8 years 1938-46  40-50° Neonatal

Chicago medical students*® Rosenthal 4 years 1939-43  40-50° Other age vaccination — stringent testing
Chicago nurses* Rosenthal 5 years 1940-45 40-50°  Other age vaccination — stringent testing
Chicago Infants (TT HH)* Rosenthal 12 years 1941-53  40-50° Neonatal

|da B Wells housing project* Rosenthal 13 years 1942-56  40-50° School-age vaccination — stringent testing
US mental health patients* Rosenthal 4 years 1944-48  30-40°  Other age vaccination — stringent testing
[llinois mentally handicapped®  Bettag 12 years 1947-59  40-50° Other age vaccination — stringent testing
Georgia (school)* Shaw 20 years 1947-67  30-40°  School-age vaccination — stringent testing
Puerto Rican children'® Palmer 19 years 1949-68  10-20° School-age vaccination — non-stringent testing
Madanapalle® Frimodt-Moller 21 years 1950-71  10-20° Other age vaccination — stringent testing
Georgia/Alabama'® Palmer 20 years 1950-70  30-40°  Other age vaccination — non-stringent testing
MRC' MRC 20 years 1950-70  >50° School-age vaccination — stringent testing
African gold miners> Coetzee 3 years 1965-68 20-30°  Other age vaccination — non-stringent testing
Haiti% Vandiviere 3 years 1965-68 10-20°  Other age vaccination — non-stringent testing
Chingleput?® TBPT 15 years 1968-83  10-20°  Other age vaccination — non-stringent testing
Bombay infants® Mehta 30 months 19767 10-20°  Neonatal

Agra®' Mehrotra 5 years 19882 20-30° School-age vaccination — non-stringent testing

CCH, Cook County Hospital; TBPT, Tuberculosis Prevention Trial; TT HH, tuberculous households.
a Date of study publication was used if study start date was not available.

The case—control study with the smallest number of participants (n=63) is the Delhi 1989-90
study,” whereas the largest case—control study (6293 participants) was the Saudi Arabian study.”
The case—control studies had an average of 714 participants.

Cohort studies
A total of 65 papers®”'2>2+#-1%8 provided information on 38 individual cohort studies
(13 prospectively recruited participants,524891939410L104109,117,118122,123 5() did this
retrospectively”?0:9295.96,100,102,103,105-108 11-116 119 g n d five were cohort studies in contacts
of tuberculosis patients®”-?!2*121)_ Eleven papers'>1213-138140147 gaye additional data
on these studies and 168%124126-13L13%,141-146148 hrgyided duplicate data. Twelve cohort
studies>?+100105108105,15-1715122199 provided outcome data on pulmonary tuberculosis, whereas
six?+ 1081091131219 proyided data on tuberculosis meningitis and/or miliary tuberculosis
(four®'®121% on tuberculosis meningitis and one'* on miliary tuberculosis only). Eight cohort
studies®24 1010810969 oqye data on other forms of extrapulmonary tuberculosis, and nin
LIS ULIB LG22 had tuberculosis mortality as an outcome. The USA contributed seven
cohort studies (initiated between 1927, the earliest date of a BCG study, and 1950),%-% while five
studies were started in both the UK (between 1955 and 1985),%% and in Norway (between 1927
and 1956),"01-194150 four studies in Germany (between 1947 and 1954)'%°'7!% and three studies in
France (between 1947 and 1956)'%-''° (Table 4). One cohort study was identified as undertaken
in each of the following countries: Denmark (1936),"! Italy (1938),!"! the Netherlands (1939),'*
Sweden (1941),'" Uruguay (1943),'** Ireland (1949),"** Morocco (1950),''¢ Algeria (1950),""
Poland (1965),"® Malawi (1979),* Jordan (1980),'" Republic of Korea (1989),'° Central African
Republic (1989)**! and Brazil (1996).° The smallest cohort study is the Dublin nurses,"® with a
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TABLE 4 Maximum duration of follow-up of all cohort studies

Cohort studies Author Duration
Ancona children™" Mariotti 23 years
Bangui contacts'?' Lanckriet 7 years
Bornholm™? Olsen 9 years
Boston nurses® DeFriez 16 months
Bougie schoolchildren'” Sarrouy 3 years
Brazil REVAC® Barreto 6 years
Chicago medical students* Geiseler 43 years
Dublin nurses'® Counihan 6 years
Dusseldorf children’® Trub 15 years
Dutch nurses'"? Bergsma 11 years
Edinburgh 1977 contacts®” Capewell 5 years
Edinburgh% Capewell 8 years
Edinburgh contacts® Rubilar 101/2
Hamburg children'® Ehrengut 7 years
Hesse 23 districts'® Daelen 5 years
Jordan"® Batieha 15 years
Seoul contacts'™ Jin 2.5 years
Lyon students'® Despierres 7 years
Karonga®* Ponnighaus 10 years
Morocco children''® Gaud 2.5 years
New York infants®' Kereszturi 6 years
France schoolchildren'® Gernez-Rieux 20 years
Norway 1947 Borgen 2 years
Norway%? Tverdal 10 years
Norwegian deported'® Oeding

Oslo nurses' Heimbeck 2 years
Philadelphia nurses® Chakravarty 2 years
Richmond infants® Kendig 7 years
Rzeszow children'® Kubit

Siblings cohort'®” Liebknecht 15 years
Strasbourg students'® Vaucher 3 years
Swedish conscripts''® Dahlstrom 6 years
Trysil Norway'® None 3 years
UK contacts® Horne 2 years
Medical students UK'® Verney 3 years
Uruguay infants'™* Gomez 10 years
US physicians® Barrett-Connor 24 years
Virginia infants® Kendig 20 years

REVAC, Brazilian revaccination study.
Date of study publication was used if study start date was not available.

total of 80 participants enrolled. The largest cohort study is the Norway 1956-73% study, with
1,047,550 participants enrolled.

Case population studies
In total, 23 references were included,'**'” providing data on 20 case population studies (Table 5).
One paper'” gave details on three studies, four articles'”'~'”* provided additional data on these
studies, and one'®' gave duplicate data. Four!*5!>%!6%1¢2 of the 20 case population studies provided
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TABLE 5 Maximum duration of follow-up of all case population studies

Study name Author (year) Case-finding duration Case-finding start and end dates
Malaysia 0- to 19-year-olds'>® WHO 3 years 1977-9
Malaysia meningitis'™° WHO 3 years 1976-8
Korea neonatal'®® WHO 1 year 1976-6
Britain surveys'®® Sutherland 1 year 1973-3
1 year 1978-8
1 year 1983-3
Birmingham schoolchildren'? Springett 2 years 1954-8
7 years 1956-62
8 years 1962-9
Israel neonatal'® Zilber 4 years 1956-79
Canadian nurses'® Burril 11 years 1969-79
Brazil meningitis'® Martins 1 years 1983-3
South Asian adults'® Chaloner 8 years 1982-2000
Quebec meningitis™” Frappier 9 years 1949-56
Taiwan meningitis'6® Chan 6 years 2002-7
Bydgoszcz children'6 Krzyszkowska 4 years 1950-3
Singapore schoolchildren'®® Chew 1 year 1972-2
France schoolchildren?sé Schwoebel 1 year 1990-0
Manchester hospital'* Curtis 6 years 1975-80
Czechoslovakia meningitis'”® Votjek 3 years 1954-8
Quebec pulmonary's Frappier 5 years 195661
Ireland survey'®” Kelly 5 years 1989-91
Cologne children's Lotschert 10 years 1967-76
Hungary 4 to 14-year-olds'® Lugosi 1 year 19644

data specifically on pulmonary tuberculosis and five!*”1>%16616%170 op tuberculosis meningitis. Four
case population studies were identified from the UK (started between 1956 and 1983),'**"'*° three
in Canada (1949; 1969),"*¢1% two in Malaysia (1976; 1977)'*° and one each for Poland (1950),'®°
Czechoslovakia (1954),'¢! Israel (1956),'®* Hungary (1964),'* Germany (1967),'* Singapore
(1972),'** Republic of Korea (1976),"** Brazil (1983),'* Ireland (1986),'”” France (1990)'*® and
Taiwan, Province of China (2002).1%

Cross-sectional studies
Twenty-two articles were identified'”*'* and 12 provided original data on cross-sectional
studies in the general population,"7¢180-18719019L193 seven gave data on studies in contacts of
tuberculosis patients,'7>!77- 17188189192 and two gave duplicate data.'”*'*® In total, 19 cross-
sectional studies provided data on efficacy of BCG vaccination:'>"' six on pulmonary
tuberculosis,7#181182187.189.193 six on the combined outcome of tuberculosis meningitis and/or
miliary tuberculosis!’781-182184186190 (three reported data on both forms of tuberculosis,'””!#61%
two only on tuberculosis meningitis'®'* and one on miliary tuberculosis only*®!); two studies
reported data on other forms of extrapulmonary tuberculosis'*"'** and two on tuberculosis
mortality.’*'¥” Two studies were conducted in each of Spain (starting in 1969 and 1991%*),'7>!76
Togo (1988 and 1986*)'7"'"® and Brazil (between 1988 and 2003)."7*'*® Single studies were
conducted in Japan (1949),'® Belgium (1950),'®* Yugoslavia (1959),'** France (1965),'**
Italy (1967),'* India (1968),'5 Kenya (1979),"*” Thailand (1981),'*® Egypt (1986%),'* South Africa
(1999),"° Colombia (2001),'! Russia (2003)"* and Lebanon (2004)"* (*date of study publication
was used if study start date was not available). The smallest cross-sectional study was the Naples
classroom,'® with 33 participants, whereas the greatest number of participants (4,264,400) was in
the Bas-Rhin meningitis'®* study.
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Outbreak studies
Nine articles

1972205 provided data on eight outbreak studies, with one article*” providing data on

two separate outbreaks, and two articles***” giving duplicate data. Three of these studies'?”%2!
provided data on pulmonary tuberculosis, one'”” on meningitis and miliary tuberculosis and
one®” on extrapulmonary tuberculosis. Three outbreaks occurred in Ireland between 1991

and 2009,"”"'° two in Canada (2004),” and one each in Sweden (1947),”! Norway (1947)*>
and Denmark (1957).2® The smallest outbreak included, Community I Canada outbreak,?®
involved only 40 individuals, whereas the Donegal school outbreak'® involved a total of 1175
school children.

Efficacy of bacillus Calmette-Guérin vaccination

Results on the efficacy of BCG vaccination are divided first by study type (RCTs and
observational studies), and within each study type are presented by type of tubercular disease/
mortality outcome (pulmonary tuberculosis, all tuberculosis outcomes, meningeal and/or
miliary tuberculosis, extrapulmonary tuberculosis and tuberculosis mortality) where results

for these outcomes were available. Within each outcome, results are stratified according to

study and participant characteristics. Meta-regression results for each variable examined, where
available, are provided below the corresponding forest plot and refer to the summary table of
meta-regression analyses performed, which can be found at the end of each tuberculosis disease/
mortality outcome section.

Randomised control trials

Pulmonary tuberculosis

This section of the report first presents overall results, followed by results stratified according
to study characteristics (latitude, age at vaccination/stringency of tuberculin testing and risk of
diagnostic detection bias). Unstratified analyses are ordered by year trial started.

Figure 3 shows the results of 18 trials evaluating the efficacy of BCG vaccination against
pulmonary tuberculosis, listed by date of study start. Nine studies were conducted in the
USA,>#4>48-30 four in India,?®*!~>* and the others in Canada,'® Puerto Rico,” the UK,!* Haiti*
and South Africa.* There was substantial variation in the protective efficacy of BCG vaccination
against pulmonary tuberculosis, ranging from substantial protection, as in the UK MRC" trial
[rate ratio 0.22 (95% CI 0.16 to 0.31)], to absence of clinically important benefit, as in the large
Chingleput® trial [rate ratio 1.05 (95% CI 0.88 to 1.25)].

Stratified analysis by latitude (10°), ordered by year study started

Figure 4 shows estimated effects of BCG vaccination against pulmonary tuberculosis, stratified
by latitude of the study location (10° bands either side of the equator). In general, the protective
effect of BCG vaccination was either absent or low in studies conducted close to the equator,
whereas there was reasonably consistent evidence of good protection observed in studies
conducted at latitudes exceeding 40°. Relatively high protection was observed in studies
(Saskatchewan Infants'* and MRC!) conducted above 50° latitude: rate ratio 0.22 (95% CI 0.16
to 0.30), corresponding to a VE of 78% (95% CI 70% to 84%). Latitude explained a substantial
amount of the between-study variation in the protective effect of BCG vaccination.

Meta-regression analysis

Based on univariable meta-regression analyses, stratification on latitude appeared to explain

70% of the between-study variation (1 values before and after stratification using 20° strata were
0.284 and 0.086, respectively) (Table 6). There was evidence (p =0.008) that efficacy varied with
latitude: rate ratios for studies between 0° and 20° latitude and between 20° and 40° latitude were,
respectively, 2.45 (95% CI 1.42 to 4.21) and 2.17 (95% CI 1.14 to 4.10) times that of studies > 40°
latitude (thus VEs are correspondingly lower).
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Stratified analysis by age at vaccination and tuberculin testing

stringency, ordered by year study started

Figure 5 shows estimated effects of BCG vaccination against pulmonary tuberculosis, stratified
by the age at which vaccination was administered and the stringency of tuberculin testing
performed, grouped into neonatal vaccination, school-aged vaccination, both stringent and less
stringent, and an ‘other’ age group which includes studies in which older persons were vaccinated
as well as those in which BCG vaccination, was given at any age, also divided into stringent and
non-stringent tuberculin testing. Within these strata, there was little evidence of between-study
heterogeneity, other than for studies with non-stringent tuberculin testing (school-age non-
stringent testing 1>=0.095 and other age non-stringent testing t>=0.091). In studies of school-age
vaccination with stringent tuberculin testing prior to vaccination, the overall rate ratio was 0.26
(95% CI 0.18 to 0.37), corresponding to a good protective effect, with VE of 74% (95% CI 63%

to 82%). There was also evidence of moderate levels of protection with neonatal vaccination
[summary rate ratio 0.41 (95% CI 0.29 to 0.58), equivalent to a VE of 59% (95% CI 42% to 71%)].
Other strata showed less clear-cut evidence of protection, ranging from a moderate protection
with rate ratio 0.59 (95% CI 0.65 to 1.01), equivalent to VE of 41% (95% CI -1% to 65%) in
school-age vaccination studies with non-stringent tuberculin testing, to 0.88 (95% CI 0.59 to
1.31) equivalent to a VE of 12% (95% CI -0.31% to 41%) in studies of vaccination in other age
groups with stringent tuberculin testing protocols.

Meta-regression analysis

Based on univariable meta-regression analyses, 85% of the between-study variation appeared to
be explained by age at vaccination and tuberculin stringency (12 before and after stratification
0.284 and 0.044 respectively) (see Table 6). There was clear evidence (p <0.003) that the effect of
BCG vaccination varied with age at vaccination/tuberculin testing stringency: the rate ratio in
studies in the ‘other’ vaccination group with stringent tuberculin testing was estimated to be 2.38
(95% CI 1.09 to 5.18) times the overall rate ratio from studies with neonatal vaccination, while
stringent tuberculin testing and school-age vaccination was 0.66 (95% CI 0.35 to 1.25) times that
of neonatal vaccination studies.

Stratified analysis by risk of diagnostic detection bias, ordered by

year study started

Figure 6 presents results from trials classified according to the level of risk of diagnostic detection
bias. Among studies in which the outcome assessors were adequately blinded to the vaccination
status of participants, or that performed active surveillance (which would act to lower the risk

of diagnostic detection bias), there was substantial between-study variation, but the average
protective efficacy of BCG vaccination against pulmonary tuberculosis was good [overall rate
ratio 0.40 (95% CI 0.25 to 0.64), corresponding VE of 60% (95% CI 36% to 75%)] and was greater
than for studies with higher risk of diagnostic detection bias, which showed a low protective
effect [rate ratio 0.78 (95% CI 0.64 to 0.95), corresponding to VE of 22% (95% CI 5% to 37%)].

Meta-regression analysis

Meta-regression analyses stratifying on risk of diagnostic detection bias explained 18% of the
heterogeneity between studies (null model t2=0.284, after stratification t2=0.232) (see Table 6).
There was evidence (p-value =0.036) that BCG vaccination efficacy varied according to the level
of diagnostic detection bias introduced in the study design: studies with a higher risk of bias had
a rate ratio 2.22 (95% CI 1.10 to 4.60) times that of studies with lower risk of bias (and therefore a
correspondingly lower VE).

Results from univariable meta-regression analyses indicate that latitude and age at vaccination/
tuberculin testing stringency explained the largest amount of between-study variation in overall
BCG vaccination efficacy (12 0.086 and 0.044 respectively, baseline > 0.284). Bivariable analysis
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showed that models including latitude and either the variables age at vaccination/tuberculin
testing stringency or ‘Was the allocation sequence adequately generated” accounted for the
largest amount of between-study heterogeneity. The final multi-variable regression model, which
explained all between-study variation (1>=0) was one including the variables latitude, age at
vaccination/tuberculin testing stringency and risk of diagnostic detection bias.

All tuberculosis disease morbidity outcomes
Figure 7 shows the overall results of 21 trials evaluating the efficacy of BCG vaccination against
all tuberculosis morbidity outcomes, ordered by the year of study start.

Unstratified analysis ordered by year trial started

An additional three trials did not disaggregate results by type of disease, compared with results
on pulmonary tuberculosis. Observation of data from all 21 RCTs shows that the estimates of
BCG vaccination efficacy against all disease from tuberculosis (except death) vary considerably
(see Figure 7). Similarly to the pulmonary tuberculosis outcome results, the observed effect varies
from a good protective effect, as in the Native American,” Chicago Infants CCH*® and MRC
trials," to an absence of protection against all tuberculosis morbidity outcomes, as in the Georgia
School,”” Chingleput® and in a residential school for people with learning difficulties (Illinois
mentally handicapped™) trials. Most of the efficacy point estimates suggest that BCG vaccination
reduces risk of tuberculosis, although the CIs are wide and include 1 in 14 of 21 studies.

Figures 8-11 present the results of RCTs stratified by latitude, age at vaccination/stringency of
tuberculin testing and diagnostic detection bias, stringency of tuberculin testing and BCG strain
lineage; the last was only possible to examine for all trials with all tuberculosis morbidity as

the outcome.

Stratified analysis by latitude (10°), ordered by year study started

Figure 8 presents the overall efficacy of BCG vaccination reported in each controlled trial
categorised into 10° bands of latitude. Overall, studies conducted >40° latitude showed consistent
evidence of a higher level of effect of BCG vaccination against all tuberculosis morbidity
outcomes in comparison with studies conducted at lower latitudes. The highest level of protection
was seen among studies conducted >50°, with an overall rate ratio of 0.23 (95% CI 0.18 to 0.30)
corresponding to a good VE of 77% (95% CI 70% to 82%). Latitude accounted for a substantial
amount of the heterogeneity between studies.

Meta-regression analysis

Stratification only on latitude within which a study was conducted appeared to explain 38% of
the variation in BCG vaccination protective effect estimates (1>=0.118 after stratification by 20°
bands of latitude (null model 1*=0.292) (Table 8). There was some evidence (p-value=0.014) that
efficacy varied with latitude. Studies in the 0-20° latitude groups had an overall estimated rate
ratio 2.21 (95% CI 1.28 to 3.81) times that of studies conducted above 40° latitude. Similarly, the
rate ratio for studies conducted in the 20-40° latitude group was 2.05 (95% CI 1.09 to 3.87) times
the overall rate ratio for studies >40° latitude.

Stratified analysis by age at vaccination and tuberculin testing

stringency, ordered by year study started

Stratification of studies by age at vaccination and tuberculin testing stringency (Figure 9)

shows that the estimated effect of BCG vaccination on all tuberculosis morbidity outcomes
was substantial in studies of neonatal BCG vaccination [overall rate ratio 0.38 (95% CI 0.28

to 0.52)] corresponding to a good protection and VE of 62% (95% CI 48% to 72%). Similarly,
studies of vaccination in school-age children with stringent tuberculin testing showed evidence
of a good level of protection against all tuberculosis morbidity outcomes [overall rate ratio
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0.28 (95% CI 0.19 to 0.40)] equivalent to VE of 72% (95% CI 60% to 81%)]. Studies in which
vaccination was performed both at school age without stringent tuberculin testing protocols,
and in other age groups regardless of tuberculin testing stringency, showed low overall estimates
of BCG vaccination efficacy. Overall levels of protection from studies in these categories were
low, ranging from rate ratio 0.60 (95% CI 0.35 to 1.03) to rate ratio 0.82 (95% CI 0.56 to 1.21).
Stratification on age at vaccination/tuberculin testing accounted for substantial amount of the
heterogeneity in the estimates of effect of BCG vaccination; however, residual heterogeneity
within strata remained (t>=0.14 in the neonatal vaccination strata and t>=0.1 in school-age
vaccination non-stringent tuberculin testing).

Meta-regression analysis

Based on univariable meta-regression analyses, age at vaccination/tuberculin testing stringency
appeared to account for 73% of the between-study variation (t* after stratification =0.080; null
model t2=0.292) (see Table 8). There was evidence that the effect of BCG vaccination varied with
age at vaccination and tuberculin testing stringency (p-value 0.015). The rate ratio in studies of
school-age vaccination with stringent tuberculin testing was 0.71 (95% 0.36 to 1.39) times that

of the rate ratio for neonatal vaccination (and therefore VE correspondingly higher), whereas

for vaccination in other age groups with stringent tuberculin testing the rate ratio was 2.23

(95% CI 1.01 to 4.92) times the overall rate ratio of that for neonatal vaccination studies (and VE
correspondingly lower).

Stratified analysis by risk of diagnostic detection bias, ordered by

year study started

Figure 10 shows estimated effects of the BCG vaccination on all tuberculosis morbidity outcomes,
stratified by risk of diagnostic detection bias. Overall, the protective effect of BCG vaccination
was lower in studies with a higher risk of bias, while there was reasonably consistent evidence

of higher protection observed in studies with a ‘lower risk of bias’ (i.e. the assessors of the study
outcome, usually the diagnosis of tuberculosis, were blinded to BCG vaccination status or active
surveillance was conducted). There was considerable residual heterogeneity between studies
within the same strata, despite stratification by risk of diagnostic detection bias. This risk of bias
criteria did not explain any of the observed between-study variability.

Meta-regression analysis

Univariable meta-regression analyses appeared to suggest that very little of the between-study
variance was explained by stratifying on this quality assessment criteria (t? values before and after
stratification were respectively 0.292 and 0.233) (see Table 8). There was weak evidence that BCG
vaccination efficacy varied with risk of diagnostic detection bias (p-value=0.028). Studies with a
higher risk of diagnostic detection bias had an overall rate ratio 2.25 (95% CI 1.10 to 4.60) times
that of studies with a lower risk of diagnostic detection bias.

Stratified analysis by bacillus Calmette-Guérin strain as per Brosch

et al.,*’ ordered by year study started

Randomised controlled trials reporting the protective effect of BCG vaccination against all
tuberculosis morbidity outcomes were also stratified according to the lineage of BCG strain
used for vaccination of participants based on the criteria derived from Brosch et al.*' (Figure 11).
This stratification showed that the effect of BCG vaccination in studies in each stratum varied
considerably from a clinically unimportant effect to some trials showing substantial protection.
The pooled effect size was similar for studies using all strain families [Pasteur, which contains
tandem duplication 1 (DU1) and tandem duplication 2 (DU2-I), and strains containing DU2-
II, DU2-IIT and DU2-IV]. Stratification did not explain the between-study variation in BCG
vaccination effect.
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Vaccine efficacy (%)

Meta-regression analysis
Based on meta-regression analyses, BCG strain type did not account for the heterogeneity seen
within the studies: 12 values before and after stratification on strain =0.303 and 0.337, respectively.

There was little evidence that BCG vaccination efficacy varied by strain (p-value=0.614)
(Table 7).

Scatterplot of vaccine efficacy by bacillus Calmette-Guérin strain

type over time since ftrial started

Figure 12 shows VE for each trial plotted by vaccine strain and year the trial was started.

We hypothesised that as the strains evolved over time, at least over the first few decades, the
distribution of effect sizes would change over time. Not only was there no noticeable pattern over
time, but also results showing trials according to strains used are distributed over a wide range of
effect sizes.

Analysis by bacillus Calmette-Guérin strain

Results from univariable meta-regressions indicate that latitude, age at vaccination/tuberculin
testing stringency and risk of diagnostic detection bias explained the largest amount of between-
study variation in overall BCG vaccination efficacy with 1* values of 0.118, 0.080 and 0.233,
respectively (baseline 12=0.292). Bivariable analysis showed that models including latitude and
the variables age at vaccination/tuberculin testing stringency explained the most between-study
heterogeneity, reducing the 1 from 0.292 (null model) to 0.100. Results from the multivariable
regression model including the variables latitude, age at vaccination/tuberculin testing stringency
and risk of diagnostic detection bias explained more of the between-study variation observed,
decreasing 12 from 0.292 to 0.037. There was strong evidence (p-value=0.002), that these
variables are associated with increased BCG vaccination efficacy.

Combined meningeal and/or miliary tuberculosis
The following section reports results of RCTs assessing the efficacy of BCG vaccination against
meningeal and/or miliary tuberculosis outcomes.

100 O TicTi®cTice
@ Frappier
@Frappier
Pasteu p_p0Tice ®Tice WGlaxo
Phipps
@®Phi o
mpfri)ge Not stated
50
B Glaxo W Madras BCG strain groups
@ Phipps ¢ DU2-IV
HMadras m DuU2-lll
. A DU1-DU2-IV
@Phipps @Tice ® Not stated
0 Pasteurk
W Danish
® Not stated
-504
@ Tice
T T T T T T
0 1930 1940 1950 1960 1970 1980

Year started

FIGURE 12 Scatterplot of study estimate of BCG vaccine efficacy over time of study start, by BCG strain category.
DU2-l, third form of tandem duplication 2; DU2-1V, fourth form of tandem duplication 2; DU1-DU2-IV, tandem
duplication 1 and fourth form of tandem duplication 2, according to Brosch et al.*!
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TABLE 7 Ratios of risk ratios (with 95% CI) comparing the incidence of all tuberculosis morbidity outcomes among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in
RCTs, according to univariate meta-regression analysis, by BCG strain category

Univariable model

Number of Univariable rate ratios
Variable results (95% ClI) Ratio of rate ratios (95% Cl) p-value T
Null model 23 0.322
BCG strain category®®
DU2-IV 14 0.45 (0.27 t0 0.74) 1.00 (ref.)
pu2-li 0.60 (0.32t0 1.10) 1.33(0.61t0 2.91)
DU1-DU2-IV 2 0.52 (0.20 t0 1.31) 1.15(0.40 t0 3.29)
Not stated 2 0.72 (0.24 t0 2.74) 1.59 (0.48 t0 5.33) 0.807 0.382

2, estimated between-study variance; DU2-III, third form of tandem duplication 2; DU2-IV, fourth form of tandem duplication 2; DU1-DU2-1V,
tandem duplication 1 and fourth form of tandem duplication 2; ref., reference category.

a The BCG strain categories were derived from the classification in Brosch et al.*'

b There are 23 results for strain as it was possible to split the Native American® and Chingleput? results by the different strains used.

Unstratified analysis ordered by year trial started

The rate ratios and 95% Cls from the six trials assessing the efficacy of BCG vaccination on
meningeal and/or miliary tuberculosis are shown in Figure 13. Most studies had very few events
in the BCG group. Although there is evidence of variation, all point estimates apart from those
of the Puerto Rico and Georgia/Alabama trials'® were consistent with a high protective effect
against these severe forms of tuberculosis disease. Two trials (Native American® and MRC")
provided stronger evidence of a protective effect of BCG vaccination against meningeal and/or
miliary tuberculosis.

Stratified analysis by latitude (10°) group, ordered by year

study started

Figure 14 shows the results of trials evaluating the effect of BCG vaccination on meningeal
and/or miliary tuberculosis stratified according to 10° latitude groups. With the exception of
two trials conducted between 10° and 40° in Puerto Rico'* and Georgia/Alabama,' all other
studies (conducted at higher latitudes) showed evidence of a high and consistent protective
effect against meningeal and/or miliary tuberculosis. Studies conducted between 40° and 50°
and > 50° latitude had a combined high VE of 90% (95% CI 71% to 97%) and 94% (95% CI

55% to 99%), respectively. Latitude appeared here to explain a substantial amount of the between-
study variation in the effect of BCG vaccination, although the results should be interpreted with
caution in view of the small number of studies contributing to this analysis.

Meta-regression analysis

Stratification on latitude appeared to explain the between-study heterogeneity (t* values

before and after stratification were 0.767 and 0.000, respectively); however, there were limited
data to support the hypothesis that BCG vaccination efficacy varies according to latitude
(p-value=0.141); similarly, studies conducted between 20° and 40° latitude had a RR 60.58 (95%
CI 0.34 to 10715.67) times than studies located at latitudes above 40° latitude, but the CIs were
wide (Table 9).

Stratified analysis by age at vaccination and tuberculin testing

stringency, ordered by year study started

Both school-age vaccination with stringent tuberculin testing and neonatal vaccination showed
high BCG vaccination efficacy against meningeal and miliary tuberculosis, with the two neonatal
vaccination studies showing a pooled rate ratio of 0.10 (95% CI 0.01 to 0.77) corresponding to

a high VE of 90% (95% CI 67% to 99%). The two pooled studies of school-age vaccination with
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stringent tuberculin testing gave a rate ratio of 0.08 (95% CI 0.03 to 0.25) also corresponding

to a high VE of 92% (95% CI 75% to 97%). Only one study assessed BCG vaccination' at other
ages with stringent and non-stringent tuberculin testing, respectively, showing little evidence of
protection in the case of vaccination in other/all age groups with non-stringent tuberculin testing
(Figure 15). Stratification on age at vaccination and tuberculin testing stringency appeared to
explain a substantial amount of the between-study variation.

Meta-regression analysis

Based on meta-regression analyses, age at vaccination and stringency of tuberculin

testing accounted for a substantial amount of the heterogeneity: 12 values before and after
stratification =0.767 and 0.000, respectively. However, there was insufficient evidence to test
the hypothesis that BCG vaccination efficacy varied by age at vaccination/tuberculin testing
stringency (p-value 0.282) (see Table 9).

Stratified analysis by risk of diagnostic detection bias, ordered by

year study started

Results from trials were stratified according to risk of diagnostic detection bias (Figure 16). The
most consistent protective effect was seen in studies with a lower risk of diagnostic detection bias.
The overall rate ratio was 0.09 (95% CI 0.03 to 0.23), consistent with high VE of 91% (95% CI
77% to 97%), with little evidence of within-strata heterogeneity (p-value assuming a fixed-effects
model =0.959), whereas the trials with higher risk of bias showed an overall rate ratio of 1.26
(95% CI 0.14 to 11.27), equivalent to no clinical benefit. Diagnostic detection bias accounted for a
substantial amount of the between-study variability.

Meta-regression analysis

Stratification on risk of diagnostic detection bias accounted for a very substantial amount of
variability (1? values before and after stratification =0.767 and 0.000, respectively) (see Table 9).
However, the evidence that BCG vaccination efficacy varied with risk of diagnostic detection bias
was weak: studies with a higher risk of diagnostic detection bias had a rate ratio 12.13 (95% CI
0.81 to 181.79) times that of studies with a lower risk of bias, with the VE for studies at higher
risk of diagnostic detection bias being correspondingly lower.

Results from univariable meta-regressions suggested that latitude, age at vaccination/tuberculin
testing stringency and risk of diagnostic detection bias were closely correlated and could each
explain the between-study variation in overall BCG vaccination efficacy against meningeal and/
or miliary tuberculosis with a 12 value of 0.000.

Extrapulmonary tuberculosis

Studies providing data on outcomes of extrapulmonary tuberculosis which were not specified
to be tuberculosis meningitis and/or miliary tuberculosis were analysed in the extrapulmonary
tuberculosis section below.

Unstratified analysis ordered by yeatr trial started

Figure 17 shows a forest plot for the six trials providing data on the efficacy of the BCG
vaccination on any extrapulmonary tuberculosis disease (excluding those referring to miliary
tuberculosis or tuberculosis meningitis). There was substantial variation in the protective efficacy
of the BCG vaccination against extrapulmonary tuberculosis, ranging from a high protective
effect [rate ratio 0.14 (95% CI 0.03 to 0.63)] in Saskatchewan Infants," to absence of a clinically
important benefit in the Georgia/Alabama trial*® [rate ratio 1.06 (95% CI 0.26 to 4.22)].
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TABLE 9 Ratios of rate ratios (with 95% CI) comparing the incidence of meningeal and/or miliary tuberculosis among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in
RCTs, according to univariable meta-regression analysis

Univariable model

Univariable rate ratios Ratio of rate ratios
Variable Number of trials  (95% CI) (95% Cl) p-value T2
Null model 6 0.767
Latitude
>40° 4 0.09 (0.011t00.73) 1.00 (ref.)
20-40° 1 5.28 (0.01 to 4143) 60.58 (0.34 10 10,715)
0-20° 1 0.54 (0.01 t0 39.97) 6.21 (0.18 t0 216.23) 0.141 0.000
Age at vaccination/tuberculin testing combined
Neonatal 2 0.10 (0.00 t0 60,173) 1.00 (ref.)
School age/stringent 2 0.08 (0.00 to 104.89) 0.86 (0.01 to 143.64)
School age/non-stringent 1 0.54 (0.00 t0 178,373) 5.52 (0.01t0 2819)
Other age/stringent 0
Other age/non-stringent 1 5.28 (0.00to 1.87 x 109 55.88 (0.02t0 168,840) 0.282 0.000
Diagnostic quality
Lower risk of bias 4 0.09 (0.02 t0 0.42) 1.00 (ref.)
Higher risk of bias 2 1.06 (0.07 t0 15.32) 12.13(0.81t0181.79)  0.063 0.000

Was the allocation sequence adequately generated?

Lower risk of bias 0 1.00 (ref.)
Higher risk of bias 6 0.767

Was treatment allocation adequately concealed?

Lower risk of bias 1 0.12 (0.00 to 68.45) 1.00 (ref.)
Higher risk of bias 5 0.22 (0.02 to 2.58) 1.89 (0.01 t0 739.96) 0.783 1.268

Was knowledge of the allocated intervention prevented during the study?

Lower risk of bias 1 0.10 (0.01 t0 5.92) 1.00 (ref.)
Higher risk of bias 5 0.27 (0.02 to 3.59) 2.82 (0.04 t0 199.08) 0.536 1178

Are reports of the study free from the suggestion of selective outcome reporting?

Lower risk of bias 6 1.00 (ref.)
Higher risk of bias 0 0.767

Was ascertainment of cases complete?

Lower risk of bias 6 1.00 (ref.)
Higher risk of bias 0 0.767

ref., reference category; 2, estimated between-study variance.

Stratified analysis by latitude (10°), ordered by year study started

Figure 18 shows the estimated effect of BCG vaccination from trials with extrapulmonary
tuberculosis outcome data excluding tuberculosis meningitis and miliary tuberculosis, stratified
by location using 10° bands of latitude of study. Overall, the protective effect of the BCG
vaccination was low or absent in studies conducted nearer the equator, whereas there was strong
evidence of higher protection observed in studies carried out at latitudes exceeding 40°. The
highest protective effect was observed in studies conducted above 50° latitude: rate ratio 0.17
(95% CI 0.11 to 0.29), corresponding to a high VE of 83% (95% CI 71% to 89%). Stratification

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

DOI: 10.3310/hta17370 Health Technology Assessment 2013; Vol. 17: No. 37

2
n
® > ©® oo
cQ oNO oK
DR | oYY ® 0
00 | T YCocwo
N |0~ =00 K
> © rmrANwOU - AN
c 0O e e
HBITAIFOS T
=} - < — ©
T n o oW
3> N©O - O ®©
CQ (<5000
CH | LU c©
[TER) oMo I — 0
oo NN
TS0 AN~ ANTF O
> 0 - -
OrErYTo-q
=|Q@I N oA
O|cocow~o <
c|leeegee
0 |([m—-owooo
Qe AN
r|leececeee
€|~ o< 0w
. NO W O
[eR-R-N-N-1m

1]
Q
3
[l
G o
= 3
(=] o
[~ c
“so
Lo &
83
sE
FU O
X
$s
2
—C\l8
M
} ~—
®
Te)
S S_g
fole]
LN =5
- B
- . o
o g:,
L 5o
S §2
X~
>y
[OS
O
M

Puerto Rico children (Palmer) 1949 Puerto Rico'®

Saskatchewan infants (Ferguson) 1933 Canada'®
MRC (MRC) 1950 UK

Native American (Aronson) 1935 USA®
Georgia school (Shaw) 1947 USA*
Georgia/Alabama (Palmer) 1950 USA™S

Study
FIGURE 17 Rate ratios (with 95% CIl) comparing the incidence of extrapulmonary tuberculosis among BCG vaccinated individuals with that in unvaccinated individuals for the

longest duration of follow-up (see Table 3) in RCTs, ordered by year of study start.
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by latitude appeared to explain a substantial amount of the between-study variation in effect of
BCG vaccination.

Meta-regression analysis

The between-study variation in estimates was explained by stratification on latitude (t? values
before and after stratification on 20° latitude were 0.275 and 0.000, respectively) (see Table 9).
There was some evidence of protection varying with latitude (p-value=0.100): the overall rate
ratio for the 0-20° latitude strata was 2.89 times (95% CI 0.74 to 11.37) the rate ratio for studies
above 40° latitude (thus VE correspondingly lower). Similarly, the overall protective effect for the
strata 20-40° was 4.64 (0.70 to 30.87) times lower that of studies above 40° latitude.

Stratified analysis by age at vaccination and tuberculin testing

stringency, ordered by year study started

The results of trials with outcome data on extrapulmonary tuberculosis disease (excluding
outcomes specified as miliary disease or tuberculosis meningitis) were stratified according to age
at vaccination and tuberculin testing stringency (Figure 19). A consistent, high protective effect
was seen in studies undertaking stringent tuberculin testing for school-age vaccination [rate ratio
0.20 (95% CI 0.14 to 0.30)] equivalent to a VE of 80% (95% CI 70% to 86%). The one study of
BCG vaccination in neonates also showed substantial high protection with rate ratio 0.14 (95%
CI 0.03 to 0.63) [VE equivalent to 86% (95% CI 37% to 97%)]. The Georgia/Alabama study’® of
vaccination in other age groups provided little evidence of an effect of BCG vaccination. This
stratification accounted for a substantial amount of heterogeneity.

Meta-regression analysis

Based on meta-regression analyses, the between-study variation appeared to be explained by age
at vaccination/tuberculin testing (null model t2=0.275, after stratification t2=0.000) (Table 10).
There was little evidence, however, that the effect of BCG vaccination on extrapulmonary
tuberculosis varied with age at vaccination and tuberculin testing (p-value =0.245); the overall
effect of BCG vaccination in those vaccinated at school-age with stringent tuberculin testing was
1.44 times (95% CI 0.05 to 42.74) that of neonatal vaccination studies.

Stratified analysis by risk of diagnostic detection bias, ordered by

year study started

Figure 20 shows estimated effect of BCG vaccination on extrapulmonary tuberculosis

(excluding tuberculosis meningitis and miliary tuberculosis) stratified according to risk of
diagnostic detection bias. There was reasonably consistent evidence of higher protection against
extrapulmonary tuberculosis observed in pooled results of the three studies with a lower risk of
diagnostic detection bias [rate ratio 0.19 (95% CI 0.12 to 0.28)] corresponding to a VE of 81%
(95% CI 72% to 88%). By contrast, all three trials that did not adequately mask vaccination status
and without active surveillance showed, overall, less effective results. Risk of diagnostic detection
bias appears to explain a substantial amount of the between-study variation in the protective
effect of BCG vaccination.

Meta-regression analysis

Stratification on risk of diagnostic detection bias accounted for the between-study variation
(t*=0.275 and 0.000, before and after stratification respectively) (see Table 10). There was
evidence (p-value=0.032) that efficacy varied with risk of diagnostic detection bias: overall rate
ratios for studies with a higher risk of diagnostic detection bias were 3.35 (95% CI 1.19 to 9.48)
times that of studies with a lower risk and hence a lower VE.

Results from univariable meta-regressions indicate that latitude, age at vaccination/tuberculin

testing stringency and risk of diagnostic detection bias each explained a large amount of

between-study variation in overall BCG vaccination efficacy with a 12 value of 0.000 for each of
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TABLE 10 Ratios of risk ratios (with 95% CI) comparing the incidence of extrapulmonary tuberculosis among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in
RCTs, according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios
Variable trials (95% CI) Ratio of rate ratios (95% Cl) p-value T
Null model 6 0.275
Latitude
>40° 0.19 (0.08 to 0.45) 1.00 (ref.)
20-40° 0.87 (0.08 t0 9.61) 4.64 (0.70 t0 30.87)
0-20° 1 0.54 (0.11t0 2.74) 2.89 (0.74 10 11.37) 0.100 0.000
Age at vaccination/tuberculin testing combined
Neonatal 1 0.14 (0.01 t0 2183.96) 1.00 (ref)
School age/stringent 3 0.20 (0.01t02.82) 1.44 (0.0510 42.74)
School age/non-stringent 1 0.54 (0.01 to 65.86) 3.85(0.10 to 148.06)
Other age/stringent 0
Other age/non-stringent 1 1.06 (0.01 to 8423.85) 7.51(0.09 to 652.89) 0.245 0.000
Diagnostic quality
Lower risk of bias 0.19(0.10 t0 0.36) 1.00 (ref.)
Higher risk of bias 0.63 (0.23t0 1.70) 3.35(1.19 10 9.48) 0.032 0.000
Was the allocation sequence adequately generated?
Lower risk of bias 0
Higher risk of bias 6 0.275
Was treatment allocation adequately concealed?
Lower risk of bias 0
Higher risk of bias 6 0.275
Was knowledge of the allocated intervention prevented during the study?
Lower risk of bias 1 0.21(0.02 to 2.03) 1.00 (ref.)
Higher risk of bias 5 0.36 (0.11t0 1.19) 1.70 (0.18 t0 15.90) 0.547 0.475
Are reports of the study free from the suggestion of selective outcome reporting?
Lower risk of bias 6
Higher risk of bias 0 0.275
Was ascertainment of cases complete?
Lower risk of bias 6
Higher risk of bias 0 0.275

ref., reference category; 72, estimated between-study variance.

these variables, compared with the baseline > value of 0.275. These results should be interpreted

with caution in view of the small number of studies contributing to this analysis.

Tuberculosis mortality

Unstratified analysis ordered by year trial started
Only 8 of the 21 trials presented data on the effect of BCG vaccination on mortality from

tuberculosis (Figure 21). The Native American trial®> was the only study with a large number
of events observed, all other studies having very few events and wide ClIs. Two trials (Illinois
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mentally handicapped® and Puerto Rico Children'®) found a substantially increased risk of death
in the vaccinated compared with unvaccinated group.

Stratified analysis by latitude (10°), ordered by year study started

Figure 22 shows estimated effects of BCG vaccination against tuberculosis mortality, stratified by
latitude of study location. In general, the protection afforded by BCG vaccination is low or absent
in studies close to the equator, while there was reasonable consistent evidence of higher levels of
protection against mortality in studies conducted at latitude exceeding 40°. The overall effect for
studies conducted above 50° was rate ratio 0.17 (95% CI 0.11 to 0.29), corresponding to a high
protection [VE of 83% (95% CI 71% to 89%)]. Again this should be interpreted with caution in
view of the small number of studies contributing to this analysis. A substantial amount of the
between-study variation in protective effect of BCG vaccination appeared to be explained in part
by latitude, although residual heterogeneity remained between studies conducted in the same
latitude bands.

Meta-regression analysis

Stratifying these studies by latitude (20° bands) accounted for 45% of the between-study variation
(null model t2=1.067, after stratification t2=0.582) (Table 11). There was, however, insufficient
evidence on which to suggest that efficacy varied with latitude (p-value=0.138). The estimate of
the rate ratio for studies at latitudes 0-20° was 5.63 (95% CI 0.48 to 66.58) times that of studies of
>20° latitude, pointing towards a corresponding lower VE.

Stratified analysis by age at vaccination and tuberculin testing

stringency, ordered by year study started

The results in Figure 23 show the effect of BCG vaccination on tuberculosis mortality, stratified
by age at which vaccination was administered and stringency of the tuberculin testing method.
The most consistent protective effect of BCG vaccination was seen in neonatal vaccination and
school-age vaccination with stringent tuberculin testing [overall good protection with rate ratio
from five studies of 0.34 (95% CI 0.12 to 0.92) corresponding to a VE of 66% (95% CI 8% to 88%)
and rate ratio from one study of 0.26 (95% CI 0.17 to 0.40) corresponding to a VE of 74% (95%
CI 60% to 83%), respectively]. There was no evidence of a protective effect of BCG vaccination in
the one study each of ‘other’ age groups of vaccination, with stringent or non-stringent tuberculin
testing. Stratification by age at vaccination appeared to explain some of the between-study
variation observed.

Meta-regression analysis

Based on meta-regression analyses, age at vaccination and tuberculin testing stringency
accounted for 31% of the between-study variation observed (null model t*=1.067, after
stratification t2=0.731) (see Table 11). There was, however, insufficient evidence (p-value=0.369)
that BCG vaccination efficacy against tuberculosis mortality varied according to age at
vaccination/tuberculin testing stringency. The point estimate of effect (rate ratio) for studies

of school-age vaccination with stringent tuberculin testing was 0.53 (95% CI 0.02 to 13.26)

times that of neonatal vaccination studies, whereas rate ratio for BCG vaccination at other

ages with stringent tuberculin testing was 3.81 (95% CI 0.07 to 202.48) times higher and VE
correspondingly lower.

Stratified analysis by risk of diagnostic detection bias, ordered by

year study started

Figure 24 presents the estimated effects of BCG vaccination on tuberculosis mortality stratified
by risk of diagnostic detection bias. The most consistent protective effect was seen in studies
assessed as having a lower risk of diagnostic detection bias, with rate ratio 0.32 (95% CI 0.17
to 0.59), corresponding to a good protective effect [VE of 68% (95% CI 41% to 83%)], whereas
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there was an absence of protective effect of BCG vaccination in two trials with a higher risk of
diagnostic detection bias. Stratification on risk of diagnostic detection bias appeared to explain
a substantial amount of the between-study variation, although residual heterogeneity remained
within strata.

Meta-regression analysis

Stratification on risk of diagnostic detection bias accounted for 76% of the between-study
variation (null model t2=1.067, after stratification t>=0.260) (see Table 11). There was more
evidence (p-value =0.034) that efficacy varied with latitude: rate ratio for studies with higher risk
of bias was 6.65 (95% CI 1.22 to 36.09) times greater than that of studies with a lower risk of bias.

Results from univariable meta-regressions indicate that latitude, age at vaccination/tuberculin
testing stringency and risk of diagnostic detection bias each appeared to explain some of the
between-study heterogeneity in overall BCG vaccination efficacy with 1 values 0.582, 0.731 and
0.260, respectively, compared with the baseline 1 value (1.067), but only with risk of diagnosis
detection bias was there sufficient strong evidence of an effect.

Observational studies

Pulmonary tuberculosis

A variety of observational studies have assessed the effectiveness of BCG vaccination in
protecting against pulmonary tuberculosis: eight eligible case-control studies (in which eligibility
was that control subjects were selected from the same population from which cases arose), 12
eligible cohort studies (in which the comparison group was tuberculin negative individuals at the
start of follow-up), four case population studies (where the rate in BCG vaccinated was compared
with rates in the estimated tuberculin negative populations), six cross-sectional studies and three
outbreak studies. These studies were conducted in a range of countries between 1936 and 2004.
Figures 25-28 present the unstratified results of these observational studies, ordered
chronologically by date of study start. While there is some degree of variation in the estimates of
effectiveness of BCG vaccination, the majority of studies for each study design showed evidence
consistent with a protective effect of BCG vaccination against pulmonary tuberculosis.

Estimates of protection by BCG vaccination against pulmonary tuberculosis varied across the
eight case—control studies, ranging from a strong protective effect in Thailand® [OR 0.30 (95%
CI 0.24 to 0.38)], to clinical benefit in Bangalore children® [OR 0.88 (95% 0.53 to 1.17)]. In 11

of the 12 cohorts in Figure 26 there was strong evidence of a protective effect, ranging from rate
ratio 0.56 (95% CI 0.39 to 0.81) in the control arm of the Brazil revaccination study® [equivalent
to VE of 44% (95% CI 19% to 61%)] to rate ratio 0.01 (95% CI 0.00 to 0.14) in UK medical
students'® [VE 99% (95% CI 86% to 100%)], with one study from Karonga, Malawi** showing no
evidence of clinical benefit. Two of the case population studies, those conducted in Poland' and
Canada (Quebec Pulmonary'®), showed evidence of a high level of protection against pulmonary
tuberculosis, whereas the other two studies showed some evidence of a protective effect. Four

of the six cross-sectional studies found strong evidence of BCG vaccination reducing the risk

of pulmonary tuberculosis (see Figure 28), with the Kenyan'¥” and Lebanese children'” studies
suggesting no clinical benefit from BCG vaccination. Two of the three outbreak studies suggested
limited clinical benefit from BCG vaccination, whereas the Cork toddler outbreak!® showed
evidence of a protective effect [rate ratio 0.09 (95% CI 0.01 to 1.52)].

Unstratified analysis ordered by year study started
Case-control studies
See Figure 25.

Cohort studies
See Figure 26.
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TABLE 11 Ratios of risk ratios (with 95% CIl) comparing the incidence of tuberculosis mortality among vaccinated
individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in RCTs,
according to univariable meta-regression analysis

Univariable model

Variable Number of trials Univariable rate ratios (95% Cl) Ratio of rate ratios (95% Cl)  p-value 2
Null model 8 1.067
Latitude

>40° 7 0.49 (0.14 t0 1.69) 1.00 (ref)

20-40°

0-20° 1 2.77 (0.28 t0 27.27) 5.63 (0.48 t0 66.58) 0.138 0.582

Age at vaccination/tuberculin testing stringency

Neonatal 5 0.49 (0.04 t0 5.37) 1.00 (ref.)

School age/stringent 1 0.26 (0.02 t0 4.31) 0.53 (0.02 t0 13.26)

School age/non-stringent 1 2.77 (0.13 t0 60.59) 5.67 (0.19t0 170.89)

Other age/stringent 1 1.87 (0.04 t0 89.71) 3.81(0.07 to 202.48)

Other age/non-stringent 0 0.369 0.731
Diagnostic detection bias

Lower risk of bias 6 0.36 (0.13 10 1.02) 1.00 (ref.)

Higher risk of bias 2 2.45(0.57 10 10.47) 6.65 (1.22 to 36.09) 0.034 0.260
Was the allocation sequence adequately generated?

Lower risk of bias 0

Higher risk of bias 8 1.067
Was treatment allocation adequately concealed?

Lower risk of bias 1

Higher risk of bias 7

Was knowledge of the allocated intervention prevented during the study?

Lower risk of bias 1 0.25(0.021t0 2.73) 1.00 (ref.)

Higher risk of bias 7 1.07 (0.26 t0 4.38) 4,13 (0.30 to 56.56) 0.232 0.790
Are reports of the study free from the suggestion of selective outcome reporting?

Lower risk of bias 8

Higher risk of bias 0 1.067
Was ascertainment of cases complete?

Lower risk of bias 8

Higher risk of bias 0 1.067

ref., reference category; t?, estimated between-study variance.
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Case population studies
See Figure 27.

Cross-sectional studies
See Figure 28.

Outbreak studies
See Figure 29.

Stratified analysis by latitude (10°), ordered by year study started

Forest plots in Figures 30-33 present results from observational studies on the protective effect
of BCG vaccination against pulmonary tuberculosis stratified by 10° latitude bands of study
location. No case—control studies were identified above 40° of latitude, but there was reasonable
evidence of the strongest protective effect in all studies, apart from the cross-sectional ones, at
latitudes further from the equator. All outbreak studies were located above 50° latitude.

Meta-regression analysis

Using such an analysis, however, indicated that stratification on latitude explained only a small
amount (9%) of the between-study heterogeneity within case-control studies (null model
12=0.141, after stratification t2=0.128). There was little evidence to suggest that BCG vaccination
effectiveness varies with latitude (p-value=0.199) in this study type (Table 12). Latitude explained
a more substantial amount of heterogeneity (42%) in cohort studies (t* values before and after
stratification =0.872 and 0.509, respectively, Table 13), and some evidence (p-value =0.060) that
BCG vaccination effectiveness varies with latitude and with study design (retrospective cohort
studies were more likely to show a protective effect than prospective cohort studies). None of

the between-study variation seen within cross-sectional studies was found to be associated with
latitude (72 values before and after stratification =0.249 and 0.599, respectively (Table 14). There
were an insufficient number of case population studies to undertake meta-regression analyses.

Case-control studies
See Figure 30.

Cohort studies
See Figure 31.

Case population studies
See Figure 32.

Cross-sectional studies
See Figure 33.

Stratified analysis age at vaccination, ordered by year study started

Estimated effects of BCG vaccination on pulmonary tuberculosis from observational studies
were stratified by age at vaccination (Figures 34-37). Only one case-control study of pulmonary
tuberculosis did not have neonatal BCG vaccination (Figure 34). This study did not show a
protective effect of vaccination, whereas the pooled estimate of neonatal vaccination studies was
consistent with a moderate protective effect: OR 0.53 (95% CI 0.39 to 0.72), equivalent to a VE of
47% (95% CI 28% to 61%).

Results from the cohort studies showed some variation with neonatal BCG vaccination appearing
to provide a good protective effect [rate ratio 0.21 (95% CI 0.08 to 0.56)], compared with school-
age vaccination [rate ratio 0.35 (95% CI 0.21 to 0.58)] (see Figure 35). Results from studies of
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studies, ordered by year of study start.
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vaccination in other age groups showed highly protective effect, with the rate ratio ranging from
0.01 (95% CI 0.00 to 0.14) in the Dublin nurses study'** to 0.12 (95% CI 0.04 to 0.37) in the

122

Bornholm study.

One of the two case population studies evaluating neonatal BCG vaccination (Bydgoszcz
children),'® suggested a very high level of effectiveness, whereas the other (Israel neonatal)
study,'*? showed very little reduction in the risk of pulmonary tuberculosis, similar to the other
two case population studies of school-age and other age vaccination, respectively. Only one of
the cross-sectional studies assessed the effect of neonatal vaccination on pulmonary tuberculosis
and showed a moderate protective effect, as did the two investigating school-age vaccination.
Little protection was noted in those examining vaccinations in other age groups (see Figure 37).
Similarly, little protection was noted in the outbreak study in other age groups (Figure 39),
whereas overall moderate efficacy was seen in neonatal vaccination outbreak studies.

Meta-regression analysis

Using this method, stratification on age at vaccination accounted for only some of the
heterogeneity in cohort studies (1 values before and after stratification were 0.872 and 0.546,
respectively, see Table 13) and some evidence (p-value =0.049) that age at vaccination is
associated with the size of BCG vaccination protective effect.

Case-control studies
See Figure 34.

Cohort studies
See Figure 35.

Case population studies
See Figure 36.

Cross-sectional studies
See Figure 37.

Outbreak studies
See Figure 38.

Stratified analysis by study design, ordered by year study started

Cohort studies

Figure 39 presents estimated effects of BCG vaccination against pulmonary tuberculosis in cohort
studies, stratified by study design. The strongest protective effect of BCG vaccination was seen

in retrospective cohort studies with rate ratio 0.15 (95% CI 0.13 to 0.18), corresponding to a

high level of protection with a VE of 85% (95% CI 82% to 87%). Stratification by study design
accounted for a substantial amount of heterogeneity, but residual between-study variation
remained, particularly in the retrospective cohort study group.

Meta-regression analysis

Stratification on study design for cohorts explained 61% of the between-study variation observed
within these studies (1> null model =0.872, 1* values after stratification on study design =0.342)
(see Table 13). There was evidence that BCG vaccination effectiveness varies depending on
cohort study design (p-value=0.018). The overall rate ratio for retrospective cohort studies was
0.27 (95% CI 0.10 to 0.76) times the overall rate ratio for prospective studies, corresponding to a
protective effect approximately 73% higher in retrospective compared with prospective studies.
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Meta-regression analysis

Case-control studies

The small number of studies in each of the observational study design categories precludes any
detailed modelling. Univariate meta-regression analysis was used to explore possible reasons for
heterogeneity of the findings more formally. For case-control studies (see Table 12), apart from
the finding that latitude explained only a small amount of the between-study variation in overall
BCG vaccination effectiveness with a 12 value 0.128 compared with the baseline t* value (0.141),
there was little evidence that any of other the study level variables were associated with the size of
protective effect of BCG vaccination against pulmonary tuberculosis.

Cohort studies

Results from cohort studies univariable meta-regression analysis (see Table 13) indicated that
latitude and cohort study type explained the largest amount of between-study variation in
overall BCG vaccination effectiveness with a 1 values of 0.509 and 0.342, respectively, compared
with the baseline 12 value of 0.872. There was some evidence that latitude (p-value =0.060),

age at vaccination (p-value =0.049), ‘Were methods of case ascertainment identical for
vaccinated and unvaccinated group?’ (p-value=0.067), ‘Was diagnostic detection bias present?’
(p-value=0.067), “‘Were results adjusted for socioeconomic status?’ (p-value =0.058) and study
type (p-value=0.018) were also associated with the size of effect of BCG vaccination.

Cross-sectional studies

Results from univariable meta-regression analysis of cross-sectional studies (see Table 14)
indicate that no variables explained the between-study variation in overall BCG vaccination
effectiveness. There was no evidence that any of these factors were associated with increased BCG
vaccination effectiveness.

All tuberculosis morbidity outcomes
Unstratified analysis ordered by year study started
More observational studies assessed the effectiveness of BCG vaccination in preventing all
forms of tuberculosis: 16 case-control studies, 32 cohort studies, 12 case population studies,
13 cross-sectional studies and seven outbreak studies (Figures 40-44). All case-control studies
showed evidence of protection against all forms of tuberculosis disease (see Figure 40). Similarly,
the majority of cohort studies found a protective effect of BCG vaccination on all tuberculosis
morbidity outcomes (see Figure 41), with only four showing no evidence of a clinical benefit
from BCG vaccination. The observed effect varied from a high protective effect (rate ratio 0.01;
95% CI 0.00 to 0.05), in the German Siblings cohort,'” to no clinical benefit (rate ratio 6.08;
95% CI 0.00 to 5.97¢7) in the Edinburgh study.”® All case population studies showed evidence of
a strong protective effect of BCG vaccination against all tuberculosis morbidity outcomes (see
Figure 42) and the majority of cross-sectional studies, except for the Surui Indians'® study, found
evidence of substantial protection against tuberculosis (see Figure 43). The majority of outbreak
studies provided evidence of a protective effect against all forms of tuberculosis morbidity (see
Figure 43).

Case-control studies
See Figure 40.

Cohort studies
See Figure 41.

Case population studies
See Figure 42.
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TABLE 12 Ratios of ORs (with 95% Cls) comparing the BCG vaccination status of pulmonary tuberculosis cases and
control subjects in case—control studies, according to univariable meta-regression analysis

Univariable model

Number of Univariable ORs (95%
Variable studies Cl) Ratio of ORs (95% Cl) p-value T
Null model 8 0.141
Latitude
40°+ 0
20-40° 3 0.40(0.221t0 0.74) 1.00 (ref)
0-20° 5 0.62 (0.39t0 1.01) 1.55(0.74 10 3.26) 0.199 0.128
Age at vaccination
Neonatal 7 0.50 (0.33 10 0.76) 1.00 (ref.)
School age 0
Other 1 0.84 (0.23 t0 3.08) 1.66 (0.46 t0 6.08) 0.374 0.141
Was disease status blinded to BCG assessors?
Lower risk of bias 0
Higher risk of bias 8 0.141
Were vaccination definitions the same for cases and control subjects?
Lower risk of bias 6 0.57(0.351t0 0.91) 1.00 (ref.)
Higher risk of bias 2 0.43(0.19 to 1.00) 0.77 (0.31 to 1.90) 0.500 0.160
Were cases and control subjects determined independently of BCG vaccination status?
Lower risk of bias 5 0.52 (0.30 t0 0.89) 1.00 (ref.)
Higher risk of bias 3 0.55(0.28t0 1.10) 1.07 (0.47 0 2.45) 0.853 0.171
Were results adjusted for SES?
Yes 5 0.53 (0.31 to 0.90) 1.00 (ref)
No 3 0.53 (0.26 t0 1.07) 1.01 (0.44 10 2.33) 0.985 0171
If a matched design was used, was a matched analysis performed?
Unmatched design 1 0.30 (0.12 10 0.80) 1.00 (ref.)
Matched design — matched analysis 3 0.52 (0.27 t0 1.00) 1.69 (0.57 10 5.03)
Matched design — matched analysis 4 0.63 (0.37 t0 1.08) 2.07 (0.74 10 5.77) 0.279 0.106

ref., reference category, 72, estimated between-study variance.

Cross-sectional studies
See Figure 43.

Outbreak studies
See Figure 44.

Stratified analysis by latitude (10°), ordered by year study started

Figures 45 and 46 present the estimated effects of case-control and cohort studies against all
tuberculosis morbidity outcomes stratified by latitude. Studies on all types of tuberculosis
morbidity, unlike pulmonary tuberculosis studies, showed evidence of high effectiveness with no
defined pattern of latitude effect on BCG vaccination effectiveness.
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TABLE 13 Ratios of rate ratios (with 95% CI) comparing the incidence of pulmonary tuberculosis among vaccinated
individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 4) in cohort studies,
according to univariable meta-regression analysis

Univariable model

Number of  Univariable rate ratios

Variable studies (95% CI) Ratio of rate ratios (95% Cl) p-value T2
Null model 12 0.872
Latitude

>40° 7 0.12 (0.06 t0 0.27) 1.00 (ref)

20-40° 3 0.31(0.111t0 0.87) 2.46 (0.68 to 8.90)

0-20° 2 0.75(0.1910 2.92) 6.08 (1.31 t0 28.10) 0.060 0.509
Age at vaccination

Neonatal 3 0.20 (0.07 t0 0.54) 1.00 (ref.)

School age 6 0.36 (0.17 10 0.76) 1.83(0.53106.37)

Other 3 0.05(0.01 t0 0.19) 0.24 (0.04 10 1.32) 0.049 0.546
Was follow-up independent of vaccination status?

Lower risk of bias 6 0.25(0.09t0 0.70) 1.00 (ref.)

Higher risk of bias 6 0.17 (0.06 to 0.52) 0.70 (0.16 t0 3.10) 0.604 0.993
Was case ascertainment blinded to vaccination status?

Lower risk of bias 0

Higher risk of bias 12 0.872
Were methods of case ascertainment identical for vaccinated and unvaccinated group?

Lower risk of bias 10 0.28 (0.14 t0 0.54) 1.00 (ref.)

Higher risk of bias 2 0.06 (0.01 t0 0.28) 0.22 (0.04t0 1.14) 0.067 0.524
Were losses to follow-up similar in each group?

Lower risk of bias 3 0.23 (0.051t0 1.15) 1.00 (ref.)

Higher risk of bias 9 0.20 (0.08 t0 0.48) 0.87 (0.14 10 5.27) 0.869 0.982
Was diagnostic detection bias present?

Lower risk of bias 5 0.39(0.16 10 0.95) 1.00 (ref.)

Higher risk of bias 7 0.13 (0.06 to 0.30) 0.33(0.10t0 1.10) 0.067 0.551
Were results adjusted for SES?

Yes 2 0.75(0.17 t0 3.20) 1.00 (ref.)

No 10 0.17 (0.09 t0 0.33) 0.22 (0.05 to 1.06) 0.058 0.572
Study type

Prospective 5 0.13 (0.07 to 0.26) 1.00 (ref.)

Retrospective 7 0.47 (0.22 10 1.04) 0.27 (0.10 t0 0.76)

Contact 0 0.018 0.342

ref., reference category; 72, estimated between-study variance.
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TABLE 14 Ratios of risk ratios (with 95% CI) comparing the incidence of pulmonary tuberculosis among
vaccinated individuals compared with unvaccinated individuals in cross-sectional studies, according to univariable
meta-regression analysis

Number of
Variable studies Univariable RRs (95% Cl)  RRRs (95% Cl) p-value T
Null model 6 0.249
Latitude
>40° 2 0.58 (0.01 to 22.59) 1.00 (ref.)
20-40° 3 0.57 (0.06 to 5.61) 0.99 (0.04 to 24.13)
0-20° 1 0.57 (0.04t0 7.72) 0.99 (0.04 to 27.52) 0.999 0.599
Age at vaccination
Neonatal 1 0.41 (0.01 t0 12.42) 1.00 (ref.)
School age 2 0.68 (0.06 to 7.95) 1.66 (0.07 t0 37.37)
Other 3 0.55 (0.06 to 4.83) 1.36 (0.07 t0 26.99) 0.878 0.500

Was disease status blinded to BCG assessors?

Lower risk of bias 0 1.00 (ref.)
Higher risk of bias 6 0.249

Were vaccination definitions the same for cases and control subjects?

Lower risk of bias 4 0.66 (0.23 t0 1.88) 1.00 (ref.)
Higher risk of bias 2 0.38(0.11t0 1.38) 0.58 (0.14 to 2.45) 0.350 0.252

Were cases and control subjects determined independently of BCG vaccination status?

Lower risk of bias 6 1.00 (ref.)
Higher risk of bias 0 0.249

Were results adjusted for SES?

Yes 0

No 6 0.249
Study type

Non-contact 4 0.61(0.191t01.92) 1.00 (ref.)

Contact 2 0.45(0.10t0 2.15) 1.35(0.25107.29) 0.650 0.359

ref., reference category, 72, estimated between-study variance.

Figures 47 and 48 show forest plots of the results of case population and cross-sectional studies,
respectively, stratified by 10° latitude. The majority of case population studies were conducted
in sites located above 50° latitude. The small number of case population studies in each stratum
other than the above 50° latitude band limits any conclusion, although there was some evidence
that the protective effect was strongest in studies conducted at latitudes furthest away from the
equator. The majority of cross-sectional studies show a protective effect of BCG vaccination
against tuberculosis; however, there was no clear evidence of variation by latitude. Stratification
by latitude therefore appeared to explain very little of the heterogeneity in both case population
and cross-sectional studies. All outbreak studies were conducted above 50° latitude.

Meta-regression analysis

Meta-regression with stratification on latitude partially explained the heterogeneity between
case—control studies (null model 12=0.208; after stratification by 20° latitude group 1*=0.180)
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(Table 15). Latitude also accounted for a proportion of the heterogeneity between cohort studies
(null model t2=0.253; after stratification by 20° latitude group t>=0.185) (Table 16) but there was
little evidence (p-value =0.174) that effectiveness varied by latitude. There was some evidence
(p-value=0.069) that BCG vaccination protection against all tuberculosis varies according to
latitude in cohort studies: the overall rate ratios for the 0-20° and 20-40° latitude groups were,
respectively, 2.30 (95% CI 1.10 to 4.78) and 0.94 (95% CI 0.53 to 1.68) times the overall rate
ratio in the 40° and above group. Based on meta-regression analysis (Table 17), stratification on
latitude did not account for any of the between-study variation seen in case population studies
(72 values before and after stratification by 20° group were 0.619 and 0.683, respectively) or
cross-sectional studies (1* values before and after stratification by 20° group 0.716 and 0.754,
respectively) (Table 18).

Case-control studies
See Figure 45.

Cohort studies
See Figure 46.

Case population studies
See Figure 47.

Cross-sectional studies
See Figure 48.

Stratified analysis by age at vaccination, ordered by year

study started

Forest plots showing the results of observational studies stratified by the age at which BCG
vaccination was given to participants are presented in Figures 49 and 52. All but one case—control
study evaluated the effect of neonatal BCG vaccination against all forms of tuberculosis (see
Figure 49). This study did not show a protective effect, whereas the estimates of neonatal
vaccination studies ranged from substantial protection, as in Nepal”” [OR 0.11 (95% CI

0.07 to 0.17)], to reduced protection [OR 0.69 (95% CI 0.47 to 1.01)], in Madagascar children.”
Estimates of effect from cohort studies indicated that, in general, the level of protection was
similar among studies investigating neonatal BCG vaccination [rate ratio 0.22 (95% CI 0.12

to 0.40)], and school-age vaccination [rate ratio 0.24 (95% CI 0.17 to 0.34)] (the results being
based only on tuberculin-negative participants at study start), corresponding to VE of 76%

(95% CI 66% to 83%). The Karonga study'** did not show evidence of a protective effect from
school-age vaccination, and the majority of studies failed to detect a substantial protective effect
from BCG vaccination in other age groups. The majority of case population studies showed
strong protective effects of BCG vaccination against all forms of tuberculosis, ranging from rate
ratio 0.05 (95% CI 0.04 to 0.08) in the Bydgoszcz children'®® neonatal vaccination study to rate
ratio of 0.80 (95% CI 0.72 to 0.89) in the Ireland Survey study of school-age BCG vaccination.'s”
All cross-sectional studies evaluated either neonatal or school-age vaccination. Both groups

were associated with substantial protection against tuberculosis; the highest level was observed
in studies evaluating the vaccination of school-age children [RR 0.16 (95% CI 0.04 to 0.65)],
equivalent to VE of 84% (95% CI 35% to 96%) (see Figure 52). Age at vaccination appears to
explain very little of the heterogeneity seen between case—control studies, whereas evidence of
substantial heterogeneity remained after stratification for age at vaccination for all study designs.
In outbreak studies, there was little evidence of a clinical benefit from neonatal vaccination,
whereas outbreaks in which vaccination was undertaken at school age showed evidence of a high
protective effect RR of 0.02 (95% CI 0.01 to 0.07), equivalent to VE of 98% (95% CI 93% to 99%).
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Meta-regression analysis

Stratification of case—control studies on age at vaccination did not explain the between-study
variation (t2=0.215 after stratification, compared with t2=0.208 in the null model, as shown

in Table 15). Age at vaccination did not explain any of the variation between cohort studies

[1? values before and after stratification=0.253 and 0.268, respectively (see Table 16)], case
population studies [t* values before and after stratification=0.619 and 0.705, respectively (see
Table 17)] or cross-sectional studies [t? values before and after stratification =0.736 and 0.716,
respectively (see Table 18)]. There was no evidence that effectiveness of BCG vaccination against
all forms of tuberculosis varied by age at vaccination for case—control studies, cohort studies or
cross-sectional studies (p-values=0.537, 0.487 and 0.398, respectively).

Case-control studies
See Figure 49.

Cohort studies
See Figure 50.

Case population studies
See Figure 51.

Cross-sectional studies
See Figure 52.

Outbreak studies
See Figure 53.

Stratified analysis by study design, ordered by year study started

Cohort studies

Figure 54 shows the result of cohort studies grouped by retrospective and prospective design and
contact studies. As with pulmonary tuberculosis the most consistent protective effect of BCG
vaccination against all types of tuberculosis disease was seen in retrospective cohort studies.
Stratifying on cohort study design explained a small amount of the heterogeneity seen.

Meta-regression analysis

Based on meta-regression analyses, however, only 7% of the between-study variation was
explained by study design [1* values before and after stratification were 0.253 and 0.236,
respectively (see Table 16)].

Meta-regression analysis

Case-control studies

The univariable meta-regression analysis of case—control studies suggest that latitude and

‘were vaccination definitions the same for cases and controls?” explained the largest amount of
between-study variation in overall BCG vaccination effectiveness against all types of tuberculosis
disease with 1 values of 0.180 and 0.139, respectively, compared with the baseline t* value
(0.208). There was some evidence (p-value=0.021) that studies with a high risk of bias, due to
vaccination definitions not being the same for cases and control subjects, were associated with
BCG vaccination efficacy.

Cohort studies

Results from univariable meta-regressions of cohort studies indicate that latitude and “Were
results adjusted for socio-economic status?’ each explained the largest amount of between-study
variation in overall BCG vaccination effectiveness with 12 values 0.185 and 0.130, respectively,
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TABLE 15 Ratios of odds ratios (with 95% CIl) comparing the BCG vaccination status of cases of all tuberculosis
morbidity outcomes and control subjects in case—control studies, according to univariable meta-regression

Univariable model
Number of  Univariable ORs

Variable studies (95% CI) Ratio of ORs (95% Cl) p-value T2
Null model 16 0.208
Latitude

>40° 4 0.43(024100.77) 1.0 (ref)

20-40° 6 0.29 (0.19t0 0.43) 0.66 (0.33t0 1.33)

0-20° 6 0.49 (0.31 10 0.76) 1.13(0.551t0 2.31) 0.174 0.180
Age at vaccination

Neonatal 15 0.37 (0.28 t0 0.50) 1.00 (ref)

School age 0

Other 1 0.58 (0.13 t0 2.55) 1.56 (0.35 t0 6.96) 0.537 0.215

Was disease status blinded to BCG assessors?

Lower risk of bias 0

Higher risk of bias 16 0.208
Were vaccination definitions the same for cases and control subjects?

Lower risk of bias 12 0.45 (0.34 t0 0.60) 1.00 (ref.)

Higher risk of bias 4 0.24 (0.14 10 0.38) 0.52 (0.31 t0 0.89) 0.021 0.139
Were cases and control subjects determined independently of BCG vaccination status?

Lower risk of bias 1Al 0.40 (0.28 t0 0.56) 1.00 (ref.)

Higher risk of bias 5 0.35(0.21 t0 0.57) 0.87 (0.48 to 1.60) 0.640 0.221
Were results adjusted for SES?

Yes 8 0.40 (0.27 t0 0.61) 1.00 (ref))

No 8 0.36 (0.24 to 0.53) 0.88 (0.50 to 1.56) 0.650 0.221

If a matched design was used, was a matched analysis performed?

Unmatched design 3 0.39(0.20 t0 0.76) 1.00 (ref.)
Matched design — matched analysis 5 0.39(0.21 10 0.70) 1.00 (0.41 to 2.41)
Matched design — matched analysis 8 0.37 (0.24 t0 0.56) 0.94 (0.43 to0 2.06) 0.981 0.248

ref., reference category; 72, estimated between-study variance.

compared with the baseline 1> (0.253). There was evidence (p-values=0.069 and 0.003,
respectively) that higher latitude and no adjustment for SES were associated with an increase in
BCG vaccination effectiveness.

Case population studies

Results from univariable meta-regressions of case population studies indicate that
none of the study level variables explained the between-study variation in overall BCG
vaccination effectiveness.
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TABLE 16 Ratios of rate ratios (with 95% CI) comparing the incidence of all tuberculosis morbidity outcomes among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 4) in
cohort studies, according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios
Variable studies (95% CI) Ratio of rate ratios (95% Cl) p-value T
Null model 32 0.253
Latitude
40°+ 21 0.25(0.1810 0.33) 1.00 (ref)
20-40° 8 0.23(0.14 t0 0.38) 0.94 (0.53 t0 1.68)
0-20° 3 0.57 (0.29t0 1.11) 2.30(1.10t0 4.78) 0.069 0.185
Age at vaccination
Neonatal 7 0.23(0.14 10 0.41) 1.00 (ref.)
School age 10 0.24 (0.1510 0.37) 1.02 (0.51 10 2.04)
Other 15 0.33(0.21 t0 0.51) 1.40 (0.69 to 2.84) 0.487 0.268
Was follow-up independent of vaccination status?
Lower risk of bias 23 0.31 (0.23 10 0.41) 1.00 (ref.)
Higher risk of bias 9 0.16 (0.10t0 0.28) 0.53 (0.29 to 0.99) 0.047 0.271
Was case ascertainment blinded to vaccination status?
Lower risk of bias 2 0.27 (0.11 t0 0.66) 1.00 (ref.)
Higher risk of bias 30 0.27 (0.20 to 0.36) 1.01(0.39 10 2.61) 0.980 0.272
Were methods of case ascertainment identical for vaccinated and unvaccinated group?
Lower risk of bias 30 0.27 (0.20 t0 0.35) 1.00 (ref.)
Higher risk of bias 2 0.28 (0.11 t0 0.70) 1.03 (0.39 10 2.74) 0.954 0.272
Were losses to follow-up similar in each group?
Lower risk of bias 5 0.31(0.17 t0 0.55) 1.00 (ref.)
Higher risk of bias 27 0.26 (0.19t0 0.35) 0.85(0.44 10 1.63) 0.607 0.273
Was diagnostic detection bias present?
Lower risk of bias 13 0.28 (0.1810 0.37) 1.00 (ref.)
Higher risk of bias 19 0.26 (0.19t0 0.43) 0.91 (0.53t0 1.57) 0.737 0.263
Were results adjusted for SES?
Yes 2 0.80(0.39t0 1.64) 1.00 (ref)
No 30 0.25(0.20 t0 0.31) 0.30 (0.14 to 0.64) 0.003 0.130
Study type
Prospective 10 0.31(0.191t0 0.52) 1.00 (ref)
Retrospective 17 0.23(0.16 10 0.32) 0.71(0.39 10 1.32)
Contact 5 0.34 (0.19 t0 0.60) 1.08 (0.50 to 2.30) 0.353 0.236

ref., reference category; 72, estimated between-study variance.
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Cross-sectional studies

Only the variable ‘Were cases and controls determined independently of BCG vaccination
status?’ explained some of the between-study heterogeneity in cross-sectional studies reducing
the 1* value from 0.716 (null model) to 0.646 but with insufficient data to support the suggestion
that knowledge of BCG vaccination status was associated with a reduced effectiveness.

TABLE 17 Ratios of rate ratios (with 95% CI) comparing the incidence of all tuberculosis morbidity outcomes among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 5) in case
population studies, according to univariable meta-regression analysis

o ) Univariable model
Number of Univariable rate ratios

Variable studies (95% CI) Ratio of rate ratios (95% Cl) p-value T2
Null model 12 0.619
Latitude

>40° 0.17 (0.08 t0 0.35) 1.00 (ref.)

20-40° 0.27 (0.07t0 1.13) 1.58 (0.33t0 7.57)

0-20° 0.30(0.07t0 1.17) 1.74(0.3810 7.91) 0.643 0.683
Age at vaccination

Neonatal 0.22 (0.11 t0 0.46) 1.00 (ref.)

School age 0.18 (0.06 to 0.56) 0.81(0.22 to 3.00)

Other 1 0.12 (0.01 to 2.00) 0.56 (0.03 t0 9.30) 0.856 0.705
Were cases and population the same in terms of time?

Lower risk of bias 12

Higher risk of bias 0 0.619
Were cases and population the same in terms of geography?

Lower risk of bias 11 0.12 (0.01t0 1.79) 1.00 (ref.)

Higher risk of bias 1 0.21 (0.12 10 0.37) 0.59 (0.04 to 8.68) 0.671 0.643
Were cases and population the same in terms of age?

Lower risk of bias 12

Higher risk of bias 0 0.619
Was case ascertainment blinded to vaccination status?

Lower risk of bias 0

Higher risk of bias 12 0.619
Was disease status blinded to BCG assessors?

Lower risk of bias 2 0.19(0.10t0 0.34) 1.00 (ref.)

Higher risk of bias 10 0.32 (0.09t0 1.15) 0.59 (0.14 to 2.40) 0.421 0.639
Were methods of case ascertainment same for vaccinated and unvaccinated?

Lower risk of bias 9 0.11 (0.04 t0 0.28) 1.00 (ref.)

Higher risk of bias 3 0.26 (0.15 10 0.47) 0.41(0.141t01.22) 0.101 0.491

ref., reference category; 2, estimated between-study variance.
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Combined meningeal and/or miliary tuberculosis
Unstratified analysis ordered by year study started
A total of 31 observational studies provided data on the effect of BCG vaccination against
miliary tuberculosis and tuberculosis meningitis. The majority of studies assessed this effect on
meningeal tuberculosis (14 case—control studies, six cohorts, six case population studies and six
cross-sectional studies), seven studies provided data on the combined outcome of both miliary
tuberculosis and meningitis, whereas one cohort and one cross-sectional study provided data
on miliary tuberculosis only. Figures 55-58 present the unstratified results of these studies.
Despite variation in the protective effectiveness of BCG vaccination against meningeal and/or
miliary tuberculosis between individual studies, the majority (21) of these showed an overall
protective effect.

All case-control studies showed evidence of a protective effect of BCG vaccination against the
combined outcome of meningeal and miliary tuberculosis, and meningeal tuberculosis only (see

TABLE 18 Ratios of risk ratios (with 95% CI) comparing the prevalence of all tuberculosis morbidity outcomes among
vaccinated individuals compared with unvaccinated individuals in cross-sectional studies according to univariable
meta-regression analysis

Number of Univariable RRs (95% RRRs
Variable studies Cl) (95% Cl) p-value T2
Null model 13 0.716
Latitude
40°+ 0.22 (0.09 to 0.55) 1.00 (ref.)
20-40° 0.58 (0.13 t0 2.57) 2.62 (0.47 to 14.50)
0-20° 0.37 (0.13 10 1.03) 1.64 (0.42 to 6.36) 0.448 0.754
Age at vaccination
Neonatal 7 0.41(0.1910 0.88) 1.00 (ref.)
School age 0.17 (0.06 to 0.53) 0.43 (0.11 t0 1.63)
Other 2 0.37 (0.04 to 3.28) 0.90 (0.09 to 8.88) 0.398 0.736
Was disease status blinded to BCG assessors?
Lower risk of bias 1 0.15(0.02 to 1.04) 1.00 (ref)
Higher risk of bias 12 0.34 (0.18 t0 0.64) 2.29(0.30t0 17.35) 0.386 0.720
Were vaccination definitions the same for cases and control subjects?
Lower risk of bias 11 0.30 (0.15 t0 0.60) 1.00 (ref)
Higher risk of bias 2 0.37 (0.09 to 1.62) 1.24 (0.251t06.14) 0.775 0.795
Were cases and control subjects determined independently of BCG vaccination status?
Lower risk of bias 11 0.26 (0.14 t0 0.50) 1.00 (ref.)
Higher risk of bias 2 0.67 (0.19 10 2.38) 1.54 (0.62t0 10.35) 0.172 0.646
Were results adjusted for SES?
Yes 1 0.32 (0.03 t0 3.07) 1.00 (ref.)
No 12 0.31 (0.16 t0 0.60) 0.98 (0.10 10 9.97) 0.982 0.787
Study type
Non-contact 8 0.30 (0.13 10 0.70) 1.00 (ref.)
Contact 5 0.33(0.1310 0.84) 0.92 (0.27 t0 3.20) 0.890 0.780

ref., reference category; 2, estimated between-study variance.
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Figure 55). Similarly, the effect of BCG vaccination observed in cohort studies was protective,
although in three of the six studies the sample sizes were small and CI crossed one. All case
population studies showed evidence of a strong protection against meningeal tuberculosis. Only
one out of the six cross-sectional studies did not find evidence of a clinical benefit (see Figure 58).

Case-control studies
See Figure 55.

Cohort studies
See Figure 56.

Case population studies
See Figure 57.

Cross-sectional studies
See Figure 58.

Stratified analysis by latitude (10°), ordered by year study started

Figures 59-62 show the estimated effects of BCG vaccination against meningeal and miliary
tuberculosis, stratified by latitude of study location. All case—control studies were conducted at
latitudes of <40°. The most consistent, protective effect was high, and seen in studies conducted
between 30° and 40° with an overall OR of 0.19 (95% CI 0.12 to 0.31), corresponding to a VE
of 81% (95% CI 69% to 88%). There was evidence of heterogeneity for studies from locations
between 20° and 30°, with some studies showing a protective effect similar to that seen at higher
latitudes, whereas in others the protective effect was low. Studies at lower latitudes (0° to 20°)
showed evidence of a good protective effect. There was consistent evidence of high protection
in cohort studies conducted above 50° latitude [rate ratio 0.23 (95% CI 0.12 to 0.44)] equivalent
to a good VE of 77% (95% CI 56% to 88%), whereas only one cohort study each was conducted
at 30-40° and 40-50° latitude. Results from observational case population and cross-sectional
studies showed no evidence that protection by BCG vaccination against meningeal and miliary
tuberculosis varied substantially by latitude.

Meta-regression analysis

Stratification by bands of 20° latitude did not explain any of the between-study variance (null
model t=0.275; after stratification band t2=0.291) in case—control studies (Table 19). There was
no clear evidence that BCG vaccination effectiveness in case—control studies varied with latitude
(p-value=0.570). The stratification on 20° latitude group for cohort (Table 20) accounted for the
between-study heterogeneity (null model t>=0.035; after stratification by 20° band t*=0.000),
but did not explain the heterogeneity for case population studies: null model t*=0.292; after
stratification by 20° band 1>=0.434, respectively) and no evidence (p-value=0.839 and 0.723,
respectively) indicated that BCG vaccination effectiveness differed according to latitude in
cohort and case population studies. Similarly, latitude did not account for any of the between-
study heterogeneity seen within cross-sectional studies (Table 21), with 12 value before and after
stratification on latitude =1.433 and 2.140. There was no evidence (p-value=0.734) that BCG
vaccination effectiveness varied with latitude (Table 22).
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Case-control studies
See Figure 59.

Cohort studies
See Figure 60.

Case population studies
See Figure 61.

Cross-sectional studies
See Figure 62.

Stratified analysis by age at vaccination, ordered by year

study started

The estimated effects of BCG vaccination against meningeal and miliary tuberculosis from
observational studies were stratified by age at vaccination (Figures 63-66). Overall, the protective
effect of BCG vaccination from case—control studies of school-age vaccination [OR 0.23 (95%
CI0.16 t0 0.33), VE of 77% (95% CI 67% to 84%)] was similarly good, and similar to studies

of neonatal vaccination [OR 0.31, 95% CI 0.20 to 0.47, equivalent to VE of 69% (95% CI 53%

to 80%)]. The small number of cohort studies in each age at vaccination category makes results
difficult to interpret (see Figure 64).

All but one case population study evaluated neonatal vaccination, with high overall levels of
effectiveness (see Figure 65). This study of school-age vaccination showed a substantial high
protective effect [rate ratio 0.13 (95% CI 0.02 to 0.74)], similar to the overall effect of neonatal
vaccination studies [rate ratio 0.12 (95% CI 0.06 to 0.24) equivalent to VE of 88% (95% CI

76% to 94%)]. Results from cross-sectional studies in Figure 66 also showed strong evidence of
high protection from vaccination at birth [RR 0.19 (95% CI 0.12 to 0.29, VE of 81% (95% CI

71% to 88%)]. The Tohoku outpatients study,'** which performed vaccination in other age groups,
also shows a high estimate of vaccine effectiveness.

Meta-regression analysis

Based on meta-regression analyses, age at vaccination explained very little of the between-
study variability (1> before and after stratification =0.275 and 0.266, respectively): see Table 19.
Stratification on age at vaccination explained some of between-study heterogeneity within
cohorts, in Table 20 (1> before and after stratification=0.035 and 0.000, respectively) although
heterogeneity was already low prior to stratification. Table 21 showed that age at vaccination
did not account for any of the between-study heterogeneity in case population studies

(72 before and after stratification =0.292 and 0.340, respectively). Age at vaccination was not
found to account for any of the heterogeneity seen in cross-sectional studies (1> before and
after stratification =1.433 and 2.140, respectively), as shown in Table 22. However, there was
insufficient evidence that BCG vaccination protection varied according to age at vaccination in
case—control, cohort, case population and cross-sectional studies (p =0.386, 0.475, 0.969, 0.734,
respectively).

Case-control studies
See Figure 63.

Cohort studies
See Figure 64.

Case population studies
See Figure 65.

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is
not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.



‘POYIaW 82UBLBA 8SISAUI A\A—| POYISW pJieT pue ueluowisisq “1+Q "a|gejieae
jou sem ajep uels Apnis Ji pasn sem uoleolignd Apnis Jo ajeq ‘O ‘Aseljiw pue siibulusw pauiquio) ‘g ‘Ajuo sibulus|y ‘e “pels Apnis Jo Jeak Aq paisplo (,0|) apniie| Aq paliiess
‘SIpN}S |0JJU0D—-9SED Ul $199[gNS |0JJUOD pUB SBSED S|So|NdJaqgn} Aeljiw Jo/pue [eaBujusw JO Shiels uoljeuldoeA HOg oyl Buedwod (19 %66 UIM) Solles SppO 65 IHNDIA

SISO|N2Jagn} JO Ysu
$8SB8I0U| UoIjeUIoOBA HDY

SISO|N2JaQgN} JO S
$80NpaJ UOIIBUIDOBA DG

©
o
-—

o_m o_r m w L m“o N“o _,ho mm.o
(1#°'0 01 02°0) 62°0 N Sore |e4on0 T+
(170 01 0£°0) S€°0 v (5000°0 > d :Ayeusbouslay) [[BJono A — |
! 100’0 = d :sdnoib usemiaq AyeusboieioHy
(e2'00% 21°0) S€°0 ).,.‘.‘.4"1\.\.‘.) |elogns 1+ Qa
(2’001 21°0) G0 ~TT T [eloans A — |
12/S 001/0} (e200121°0) 5€0 e sBOUIND MmN ended G761 (UBeUNA) usip|Iyd BauUIND MaN ended,
m 00
(P70 01 ¥1°0) S2°0 e (2’0 = 2) |e101ans 1+ @
(9e'0 01 02°0) 220 Tu\« (510°0 = d :Ansusbousiay) [e1010NS A — |
coL/eL 6le/se (€0 01 G1°0) £2°0 —— «BIPU| 0661 ([BWWEYIOo|Y]) BIpUl,
62k/Se ¥81/9¢ (£8'0 03 LE°0) 2570 — L JEWUBAN €861 (JUIAW) JEWIUBAN,
ket £68/8 (¢e0 01 90°0) 710 — soPUEIIBUL 086} (BuoiwsniiereyD) pueliey,
Ge/ee vS/EL (ev'0 01 20°0) 810 - LollZeig G261 (sobiewe)) |izeig,
m -0C-0}
(£19°0 01 02°0) ££°0 ezzdnea- (2v'0 = ;1) RIOXgNs 71+ @
(290 01 8¢°0) 6Y°0 \,H«m (50000 > d :Aususboisiay) [el0IgNS A — |
LL/YS LLL/LE (L6'0 01 82°0) LG'0 e 0BIPUl  G00Z (Jewny)) oujeipaed mousonT,.,
11/18 €G/1LL (201 01 92°0) €50 T BIPU| G661 (IyIsemy) usIp|iyo mouxonT,
ce/L9 0./5¢ (10 04 90°0) ¥1°0 — «BIPUI ¥66 | (Aodpoz) fendsoy indBeN,
c6/€L 06/SS (60°1 01 $5°0) 2270 —— m o BIPU| €661 (lenN) oureipeed llyeq,
Vo] 0e/LL (0g'L 01 #1°0) €70 e ,BIPU| 6861 (9alieyoeRRYE) IUIRd.
2v/0e €9v/2y (ee0 01 200) 910 — llIZeig 1861 (oUji4 yosunpy) ojned oes,
i -0€-02
(Leoo12L0)6L0 m-nnuuu- (0=31) erans 1+ @
(le'001210) 610 m-nuuuu- (y88°0 = d :Aususbouisiay) [e101gns A — |
(€0"1 01 20°0) G1°0 : o,UBEN 8861 (NSyewese]) usip|iyd eXesQq
Ge/gh GS/0 (7'0 01 90°0) 910 —_—— 2/BUNUSBIY 1861 (I921IN) eunusbiy,
LE€/€9 LE/EL (€001 L1°0) 120 .m|.| 82103 Jo olignday 6/61 (Buomy)) eaio,
m -0V—0€
S|0J1U09/S9Ssed S|04}U09/Sased (19 %¢56) HO Apnig

pajeurdoeaun

pajeuidoep

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

107

Vol. 17: No. 37

(2]
&
[=}
N
=
[—
£
(7]
(7]
[-+]
(7]
n
<<
>
(=2
S
[=]
s
=
%
-
=
=
[}
(-5
=

10.3310/hta17370

DOI

'POYISW SIUBLIBA 9SISAUL ‘A—| {POYISW pileT pue uejuowisiaq “1+d

‘Aluo awo21no sisojnasagny Arelji ‘p ‘AJuo swooIno sibulusw SIsoNdIagn] ‘O {S8Wo2IN0 sisojnaiagny Aseljiw pue sijibulusw SIso|NdJagn] pauIquio)) ‘g ‘8|ge|leA. 10U SEM d1Ep
pels Apnis JI pasn sem uolieolgnd Apnis jo 81eq ‘e "Uels Apnis Jo JeaA AQ pasaplo ‘(,01) epniiie] AQ paliiesls ‘saipnis LoYyod Ul (¢ 8/gel 9as) dn-moj|o} Jo uoielnp 1sabuoj ayy 4oy
S[enpIAIpUl PSJBUIDOBAUN Ul JBY} YIM S[BNPIAIPUI PajeUIdoRA H)g Buowe sisojndjagny Aleliw Jo/pue [eabujusw jo aouspioul sy} Bupedwod (19 %66 YiM) soljes aiey 09 IHNDIL

SISO|N2JagN} JO S SISO|N0JagN} JO Ysl
S8SE8I0Ul UOIJBUIOOBA ©))F  SOONPaJ UOIEUIOOBA ©)Y

0c O g 4 L G0 ¢0 10 S00
1 I I I 1

1 1 1
(ev'0012L0) €20 AHHHH- 0=z IO T+ A
(e7'0 01 21L°0) €20 -=Il1oz=- (£08°0 = d :Aususbouisiay) |lesano A — |
m 086°0 = d :sdnoub usamiaq AnsusbolsioH
(#£'8 01 00°0) 91°0 T ristatel Fstuts NN ;" ............. - [elogns 71+ A
(#£'8 03 00°0) 910 —emnnneTn o L [eloans A — |
18/¥ 0€/0 (#£'8 01 00°0) 9+°0 ; 6 VSN 8761 (Bipuay) swuesu eluibap
m -0—0¢
(Fe'¥1L 01 00°0) 120 T - .w..www..ww...u.‘u.‘u. [eloigns 71+ A
(vE'v1 01 00°0) +20 R [eloigns A — |
LLO22/E G/82/0 (FE¥1 01 00°0) 120 : a0, OOUBIH 9G6 | (SoueIdseq) sjuspnis U0k
m -05-0p
(#¥'0 01 2L0) €20 -HHH“HT (0=;1) erans 71+ @
(#7'0 01 21L°0) €2°0 - TI=- (915°0 = d :Aususboisiay) [e101gNS A — |
069'G9z/cY 109'/81/6 (L9'0 01 71°0) 0£0 —_— oy AUBWISD $G61 (QnJL) usIp|IYD popiessng
698°05/€ 685°012/0 (29:0 03 00°0) S0°0 : > eor OOUBIH 8Y6 | (XNSIY-Zousen) usip|iyo yousi4
8/1'05/9 0.v'2L/0 (680 01 20°0) 210 m e UepPaMs L6 | (Wouisiyeq) sidiosuod ysipams
82/¢ 10S/0 (et'2 01 1L0°0) G+'0 : ¢z, ReMION /261 (MosquiieH) sesinu ojsQ
m +,0G
SAd/sesed SAd/sesed (19 %S6) "y o-eAPNIS
pajeurooeaun uoneulooen

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely

reproduced for the purposes of private research and study and extracts (or indeed

the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is

not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating

Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.



‘POY1BW SoUBLIBA 9SISAUL ‘A—| {POYISW pileT pue uejuowisiaq “1+d
‘AjJuo awoo1no sipibulusw sisoinasagn] ‘e “ueis Apnis Jo Jeak Aq pasapio ‘(,0 1) apniie| Ag pauiress ‘saipnis uoliendod aseo ul (G 8/ge; 99s) dn-moj|o} Jo uonelnp 1sabuo| 8y} Jo}
S[enpIAIpUl PSJBUIDOBAUN Ul JBY} YIM S[BNPIAIPUI pajeuldoeA g Buowe sisojndiagny Aleljiw Jo/pue [eabujusw jo aouspioul sy} Bupedwod (19 %66 UiM) soljes aiey L9 JHNDIL

sISo|noJagn} JO Ysu SISO|N2JaQgN} JO Msi
S8SB8l0U| UOIJBUIOOBA ©)F  SOONPaJ UOIEUIDOBA ©)F
0c 0Ok § c L S0 ¢0 F0 s00

| Il Il | | Il | |

[==]
o
-—

(€2°0 01 90°0) 2L'0
(¢1'0 01 2£0°0) 600

(#€0 01 20°0) S1°0
(#€'0 0% 20°0) G0
(5e'1 01 €0°0) 610
(50 01 90°0) ¥1°0

(9€'0 =) llesono 1+ @
(21070 = d :Aususbousiay) |[eseno A — |
€00°0 = d :sdnoub usamiaq AlsusboisloH

(0=2) eroans 1+ @

(0080 = d :Aysusboisioy) [E10IGNS A — |

oo, 11Z81g €861 (SuiLe) sibulusw izeig

es1 BISACIBIN 9261 (OHM) siBulusw eisAefe|y

o010

(02°0 01 20°0) 90°0 [eloxans 1+ Q@
(02°0 01 20°0) 90°0 _ [e30}aNs A — |
(020 01 20°0) 90°0 —_— 69, BUIYD JO 80UINOId ‘UBMIB] 2002 (Uey)) sibulusw uemie|
| 20€-02

(6v°0 01 £1°0) 520 == (0=2) eoians 1+a
(67°0 01 €L°0) G20 = (80t°0 = d :Anpusboisiay) [e101aNS A — |
(#2'0 03 20°0) €10 m g0,90UEIH 066 (19990MYDS) ULIP|IYD|o0oYDS doue.
(850 01 ¥1°0) 82°0 —_— 15 BPBUBD 6761 (Joiddeld) sibuiusw oegenp
m +05-0

(600 03 G0°0) 20°0 e [eloxans 1+ a
(60°0 01 G0°0) 200 el [e3019NS A — |
(60°0 01 50°0) 20°0 —— o, BEAOISOY09ZD 1661 (HlloA) stbulusw eiyerojsoyosz)
“ +00G

(19 %S6) " Apms

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

109

N~
o™
S ‘POYISWI BOUBLIBA 8SI9AUL ‘A—|
M {poyisw pJieT] pue ueluowISISg “1+ @ AJlUO BWOINO SISo|NdIagn} AelIN ‘P ‘{Ajuo Bwoo1no siBulusw SIsojNdJagn] ‘0 {S8W021N0 SIsojndJagnl Aleljiw pue siibulusw SIsojNdJagny
- pauiquio) ‘q ‘e|ge|ieAe 10U Sem ajep Mels Apnis I pasn sem uoizeolignd Apnis Jo aieq ‘e "ueis Apnis Jo Jeak AQ palepio ‘(,01) epniie] AQ paliiells ‘Salpnis [BUOII08S-SS04O Ul
S S|ENPIAIPUI PBIBUIDDBAUN Ul 1BY} YUM S[BNPIAIPUI paleuldooeA HDg Buowe sisojnosagni Aeljiw Jo/pue [eabujusw Jo aousjeaaid syl Buedwod (IO 9%G6 Yim) sonel ysiy 29 34NDI4
=
S SISO|N2J4agny JO Ysu sIso|naJagn} JO s
o SOSEaJOU| UOIJBUIOOBA ©H)F SOONpPaJ UoljeulddeA HOg
[—
£ 0¢c O} S c L G0 ¢0 F0 so00
) Il | | | | | | Il
(7] 1
m (L9°0 01 60°0) €2°0 i Mt (1=2) Iesen0 7+Q
< (re'0 01 91°0) €270 < (50000 > d :AususBousiay) |[eJen0 A — |
= m 000°0 = d :sdnoub usamiaq AnsusboiaiaH
S |
(= 1
S (07’0 01 €0°0) L1°0 R S [eloigns 1+ @
e (07'0 03 €0°0) 11O seszksIIiTIIo: [el0Igns A — |
= €02/014 v05/2 (ov'0 01 €070) LLO —_—— 420 ©B0L 8861 (uelpll) usipiyo ooy
3 " «0+-0
= |
(050 01 G0°0) G1°0 B el L [e1010ns 1+ @
(06°0 03 G0°0) G510 e [elo1ans A — |
11€/2€ £€€c/€ (09°0 01 G0°0) G0 —_— 01 EBIPUI 8961 (eJpueyD) seipei
| 02-0}
(re'001€L°0) L20 =T (0=:1 Pans 1+a
(re001€L0) 120 ~siToe- (68S°0 = d :Ayeusbouslay) [e101gns A — |
1G/71 £982/G.1 (se001€L0) k20 _— o6 BOMIY UINOS 6661 (PeLoyeln) uaip|iyo umo] aded
2e0L/LL £62/0 (ev" 01 00°0) 200 : 1 UBdEP 6161 (BUIGT) Siusedino nyoyo
m o0—0€
(82°0 01 £0°0) 60°0 ~=zizilioe: [eloigns 1+ @
(82°0 01 £0°0) 60°0 ~r=illTIICE [eloans A — |
vvL'6SL 1L/9L 959701 'S/ (82°0 01 €0°0) 60°0 S EEE R »g ©OUBIH GOB (B1OT) UlyY-seq
m 05-0F
(90°2 01 08°0) €2 T 5 | [eolans 7+ @
e (90°2 01 08°0) Z€°2 ~==2217TIIIT=p | [eloans A — |
o LEOY/6 G804/S (90°2 01 08°0) L€°C —_— | 2z WNIBISG 0661 (199|sSEeg) UBIp|IYd oBaI
5 | +:0G
=
W |ejoy/sased |ejoy/sased (19 %S6) "y p-eApPNS
] pajeulooeaun pajeuldoep
S

DOI

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely

reproduced for the purposes of private research and study and extracts (or indeed

the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is

not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating

Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.



"POYISW 8DUBLIBA 8SI9AUI ‘A—| ‘POYIBW PIIET PUB UBlUOWISISQ T+ AJUO 8WOOINO sisojnasaqny Aelji ‘P ‘Aluo awooino siibulusw sisojnosegn] ‘o
{S8W00]N0 SISO|N2Jagn} AJeljill pue siibulusw SISO|N2Jagn} PauIquIo) ‘g ‘O|ge[IBAB JOU Sem 81ep LELS Apnis JI pasn sem uoieolignd Apnis Jo a1eq ‘e “Wels Apnis Jo Jeak Aq palepio
‘uolyeulooeA Je afe Aq paliiells ‘s108[gns [0J1U0D pue SOSED SISo|ndiagny Aleljiw Jo/pue [eaBulusl JO Sniels uoljeuiooeA Hog syl Buuedwod (1D %56 UHM) Solel sppO €9 3HNDIL

sISO|N2Jagn} JO Ysu SISO|N2Jagn} JO Ysi
S8SE8J0U| UOIJeUIOOBA ©)F  S80NPaJ UOEUIDORA ©)F

o
-—
~—

o_w o_r m w 3 m“o Nﬂo Io mnw.o
(170 01 02°0) 6270 AWHV (20 =) llrIono 7+ @
(I7°0 01 0£°0) S€°0 m_> (500070 > d :Ayeusboisiay) |[esano A — |
! €00°0 = d :sdnoib ussmiaq AysusbolsioH
(€€°0 01 91°0) £2°0 R (910°0 = ;) [E101ANS 7+ @
(ee001210) €20 m«,\uv (y1e70 = d :Aysuabouisiay) [ejo1gns A — |
c0tL/eL 61c/S€ (¥€'0 03 G1L°0) €2°0 —_—— s BIPU| 0661 (jewweyio|yl) eipu|
2v/0e €ov/ey (e€°0 01 £0°0) 9+°0 —— o 112819 1861 (OYlI4-yosunpy) ojned oes
Le/S 00kL/0k (22’001 21°0) S€°0 —_— s BOUIND MoN ended G/61 (UBeun|) usipjiyo esuinn meN ended
m uoneuldooea abe-jooyssg
(Zt'0 031 02°0) €0 .D_.u.u« (2£°0 =) e101aNs 7+ @
(05'0 01 ¥£°0) L0 < (5000°0 > d :AususBoisiay) [B101GNS A — |
LL/vS LEL/LE (L6'0 01 82°0) LG'0 |.|ml o BIPU| G002 (Jewnyy) ouielipsed mouxonT
L1/18 €G/LLLE (201 01 92°0) €50 T 00 EIPUI G661 (IUISemy) Usip|iyd mouxonT
2e/L9 0./5¢ (1£'0 04 90°0) ¥1'0 — 20 EIPU| 7661 (Aodpoyz) [eudsoy undBeN
c6/€L 06/SS (60°L 01 ¥5°0) 2270 — e BIPUI €661 (BIuN) ouielpsed yjeQ
¢L/0k 0€/LL (0g’1 01 ¥#1°0) €¥°0 ||Tm| ¢ BIpU| 6861 (88lieyoeneyg) yleg
(€0°1 01 20°0) S0 L o, Uedep gggl (nsiewese]) usip|iyd eYesQ
62k/5¢ v81/9¢ (28'0 0% 1€°0) 25°0 — L JEWUBAIN €861 (UIAN) Jewueky
Ge/8l GS/0 (#%7°0 01 90°0) 9+°0 —_ ¢, Bunusbly 186 L (11921A) eunusbiy
gL/l €68/8 (¢e'0 01 90°0) ¥1°0 —— s PUEIIRUL 086 (BuoiwsniieneyD) puejiey )
1€/€9 LE/EL (2e003 LL°0) 120 e ,, B910Y jo o1ignday 6.61 (Buomy)) eaioy
Gg/ce 7S/€h (e'0 03 £0°0) 810 Im|o| 0 11Z8Ig G/61 (sobrewe)) |izeig
' uoneuUIdO.A [E}EUOSN

S|0U09/S8SED (19 %S6) HO

pajeurooeaun

$|0JjU09/s95BD
pejeuiooep

p-eApPNS

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

11

Vol. 17: No. 37

'POYISWL BOUBLIBA 8SIBAUI ‘A—| {POYIBW PJIET] pue uBluowWISIaQg “7+ @ "S9WODIN0 SIso|NdJagny AJeljiw pue sijbuluswl siIsojnoiagni pauiquio) ‘O ‘AJuo awoo1no sisojnoiagn)
AelIN ‘g ‘Aluo swooino siibulusw sisoinosagn] ‘e “uels Apnis AQ paisplo ‘uoleulooeA je abe AQ palyiiells ‘saipnis YOYoo Ul (f 8)gel 98s) dn-moj|o} Jo uonelnp 1sabuoj| 8y} Joy
S[enpIAIpUl PaleUIDOBAUN Ul JBY} UM S[BNPIAIPUI paleuldoeA g Buowe sisojnalagny Aleljiw Jo/pue [eabuiuaw jo aouapioul ayi Buedwod (1D %66 Yiim) soliel aiey 9 JHNDIH

SISO|N2J4agN} 4O YSU SISO|N2Jagn} 4O YsU
SOSB8.IOU| UOJBUIOOBA ©)E  S80NPaJ UOIJBUIDIBA ©)F

o_N o_r S 4 L m“o N“o Fﬂo mﬁw.o

(2]
&
[=}
N
=
[—
£
(7]
(7]
[-+]
(7]
n
<<
>
(=2
S
[=]
s
=
%
-
=
=
[}
(-5
=

Il |
(ev'0 01 21°0) €20 —esiiToe- (0=21)IrJOr0 1+ Q
(ev'0 01 2L0) €20 -=2lilz=- (€08°0 = d :AjeuUsboieiay) |[I8n0 A — |
m 18€°0 = d :sdnoub usamiaq AlsusboisioH
(99:0 01 €0°0) €10 eszzzziTIITTE (0= evaans 1+ @
(99°0 01 £0°0) €+°0 SR (c06°0 = d :Ayeusbhousiay) [eloigns A — |
8.%'05/9 0.+'22/0 (68°0 01 20°0) 2L'0 : ¢ USPOMS 761 (Woss|yeq) siduosuod ysipems,
¥82/¢ L0S/0 (ev'2 01 1L0°0) GL'O ! ¢z, REMION /261 (oaquiieH) sesinu 0[SQ.,
! uorneuiooen abe Jaylo
(29'0 0% 10°0) 80°0 I (0=2) mogns 1+@
(€90 03 10°0) 80°0 s R (865°0 = d :Ayeusboislay) [e10ANS A — |
LLO'Le/e G282/0 (r€'¥1L 01 00°0) +2'0 : g0,90UBI4 9GB| (Seualdsaq) siuapnis UOAT,
698°05/€ $85°0v2/0 (€9°0 03 00°0) 50°0 m > 60, 80UBIS 8Y61 (XNSIY-ZOUISD) UBIPIIUD UYoudld,
! uoneuiddea mmm-_oocow
(65°0 01 ¥1L°0) 62°0 _ (0=21) E3O3ans 1+q
(65°0 01 ¥1°0) 62°0 (262°0 = d :Aysusbouelay) el010NS A — |
069'59z/¢¥ 109°281/6 (L9'0 0} ¥1°0) 0€°0 —_— e AUBLLISD 1661 (AnJL) usip|iyo poplessng .
18/ 0€/0 (7€'8 01 00°0) 91°0 “ VSN 8161 (Bipusy) sueyul elUIBIIA .
' uoljeuldoeA [ejeuosN
SAd/sesed SAd/sesed (19 %S6) "y Apms
pajeulddseaun pajeuldooep

10.3310/hta17370

DOI

the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is

not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.

reproduced for the purposes of private research and study and extracts (or indeed



‘POYISW SOUBLIBA 8SIBAUI A—| {POYIBW pJieT] pue ueluowisSiaqg “1+Q "Ajuo
awooino siibulusw sisojnoiagn] ‘e "Jels Apnis Jo Jeak AQ paispio ‘uolieuldooea je abe Aq paiiiels ‘saipnis uoneindod ased ul (G a/ge; 98s) dn-mojjo} JO uoielnp 1sabuo| ayy 4oy
S|ENPIAIPUI PaIBUIDDBAUN Ul JBY} YHM S[BNPIAIPUI PaleuldoeA ©Dg Buowe sisojnoiagni Aleljiw Jo/pue [eabujusw Jo aousploul 8y} Buedwoo (|19 9%G6 YHM) soljel 81y 69 JHNDIL

SISO|N2JagN} JO Ysl SISO|N2JagN} JO Ysl
S8SBaloUl UOIJBUIOOBA ©)F  S80NpPaJ UOIJBUIDOBA 5D

0¢ o__v S 4 3 mho Nho _.uo m@.o

[
-—
~—

| | |

(€2'0 01 90°0) 2+'0 T - (Ge'0 = ) Irlon0 T+ @
(001 £0°0) 600 4> (210°0 = d :Aususbousiay) |[esdano A - |

m 62270 = d :sdnoub usamiaqg AlsusboisloH
(v20 01 20°0) €10 —— T T [eowgns 7 + g
(#2001200) €10 T l\fl\mllll. [eloans A — |
(#2°0 01 20°0) €10 : 59,90URIH 0661 (|8920MUOS) UBIP|IYD|00YIS 8duel,

i uoleuldoeA abe-jooyos
(#2001 90°0) 210 <Z_ &= (2v'0 =) eogns 1+ @
(21001 200) 60°0 \{7\ (900°0 = d :Aususbouisiay) [e101gns A - |
(020 01 20°0) 90°0 e —— 0, BUIYD JO 8OUINOIH ‘UBMIB] 2002 (UeyD) smibulusw uemie] ,
(Ge'L 01 €0°0) 610 m sol1ZeIg €861 (sule) smbulusw |izeig,
(50 01 90°0) ¥1°0 |.|m| e BISABlBIN 961 (OHM) siibulusw eisAeleN,
(60°0 01 G0°0) 200 —— o1, BBAOISOYD8ZD $S6 L (8iop) sibulusw eeAo|soydszy,
(850 01 ¥1°0) 820 e Lo BPBUBD 616 (1o1ddeld) smbuiusw 98genp,

m UOI}BUIDOBA [B}BUODN

(1D %656) "y

Apmg

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

DOI: 10.3310/hta17370 Health Technology Assessment 2013; Vol. 17: No. 37 113

Cross-sectional studies
See Figure 66.

Stratified analysis by study design, ordered by year study started

Cohort studies

Figure 67 shows the forest plot for cohort studies stratified by study design. Contrary to results
on protection against pulmonary and all types of tuberculosis disease, prospective studies of
BCG vaccination against miliary and or meningeal tuberculosis showed evidence of overall
higher protection against tuberculosis meningitis with rate ratio 0.10 (95% CI 0.02 to 0.50),
corresponding to VE of 90% (95% CI 50% to 98%), compared with retrospective studies (which
include a study with data on miliary tuberculosis only), with an overall good protective effect
rate ratio 0.27 (95% CI 0.14 to 0.52) which corresponds to VE of 73% (95% CI 48% to 86%) VE.
Cohort study design thus appears to explain a substantial amount of between-study variability.

Meta-regression analysis

Stratification of cohort studies by study design accounted for the between-study heterogeneity
(12 before and after stratification =0.035 and 0.000) (see Table 20). There was, however,
insufficient evidence that BCG vaccination effectiveness varies according to study design in
cohort: rate ratio for retrospective cohort studies was 2.79 (95% CI 0.22 to 34.99, p-value=0.323)
times the rate ratio of prospective cohort studies.

Meta-regression analyses

Case-control studies

Results from univariable meta-regressions for all study variables for case-control studies are
given in Table 19. Age at vaccination, ‘were vaccination definitions the same for cases and
controls?,, ‘were cases and controls determined independently of BCG vaccination status?’
and ‘if the study design was matched, was a matched analysis performed?’ each explained
some of the between-study variation in overall BCG vaccination effectiveness with a 1> value
0f 0.266, 0.229 and 0.244 and 0.178 respectively, compared with the baseline t* (0.275), but
there was no evidence consistent with an association between any of the factors and BCG
vaccination effectiveness.

Cohort studies

Results from univariable meta-regressions for cohort studies indicate that all variables, apart from
‘Was case ascertainment blinded to vaccination status?’ and ‘were methods of case ascertainment
identical for vaccinated and unvaccinated group?’ explained all of the between-study variation in
overall BCG vaccination effectiveness reducing the null 12 (0.035) to 0.000 (see Table 20). There
was, however, no evidence of association of these variables with BCG vaccine effectiveness.

Case population studies

For case population studies there was little between-study heterogeneity, with overall clear
evidence of effectiveness of BCG vaccination against meningeal and/or miliary forms

of tuberculosis.

Cross-sectional studies

The results of the univariate meta-regression for the six cross-sectional studies (see Table 22)
examining all study variables indicate that only stratification on the quality assessment criterion
‘Were vaccination definitions the same for cases and controls?’ was associated with a reduction
in the heterogeneity seen within these studies (null model t2=1.433 and after stratification

by criterion 1?=0.061). There was evidence (p-value =0.022) that this variable was associated
with a degree of protection from BCG vaccination against tuberculosis meningitis and/or
miliary tuberculosis.
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TABLE 19 Ratios of odds ratios (with 95% CI) comparing the BCG vaccination status of meningeal and/or miliary
tuberculosis cases and control subjects, according to univariable meta-regression analysis

Univariable model

Number of Univariable ORs
Variable studies (95% Cl) Ratio of ORs (95% Cl) p-value T2
Null model 14 0.275
Latitude
>40° 0
20-40° 9 0.32 (0.19t0 0.54) 1.00
0-20° 5 0.26 (0.13 10 0.49) 0.80(0.35t01.82) 0.570 0.291
Age at vaccination
Neonatal 11 0.32 (0.21 t0 0.51) 1.00 (ref.)
School age 3 0.22 (0.10 to 0.50) 0.68 (0.27 to 1.71)
Other 0 0.386 0.266

Was disease status blinded to BCG assessors?
Lower risk of bias 0
Higher risk of bias 14 0.275

Were vaccination definitions the same for cases and control subjects?
Lower risk of bias 11 0.33(0.22t0 0.51) 1.00 (ref.)
Higher risk of bias 3 0.17 (0.07 to 0.40) 0.50 (0.19t0 1.29) 0.137 0.229

Were cases and control subjects determined independently of BCG vaccination status?
Lower risk of bias 10 0.34 (0.22 t0 0.54) 1.00 (ref.)
Higher risk of bias 4 0.21(0.11 10 0.43) 0.63 (0.27 t0 1.43) 0.240 0.241

Were results adjusted for SES?
Yes 8 0.28 (0.16 to 0.50) 1.00 (ref)
No 6 0.31(0.17 to 0.56) 1.08 (0.48 t0 2.45) 0.841 0.308

If a matched design was used, was a matched analysis performed?

Unmatched design 5 0.44 (0.26 t0 0.77) 1.00 (ref.)
Matched design — matched analysis 4 0.19(0.10t0 0.37) 0.42 (0.18t0 1.01)
Matched design — matched analysis 5 0.27 (0.15 t0 0.50) 0.61(0.27 0 1.37) 0.130 0.178

ref., reference category; 72, estimated between-study variance.
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TABLE 20 Ratios of rate ratios (with 95% CI) comparing the incidence of tuberculosis meningitis and miliary
tuberculosis among vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up
(see Table 4) in cohort studies, according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios

Variable studies (95% ClI) Ratio of rate ratios (95% CI) p-value T
Null model 6 0.035
Latitude

>40° 5 0.24 (0.01 t0 0.70) 1.00 (ref)

20-40° 1 0.16 (0.01 t0 99.42) 0.64 (0.01 t0 191.85)

0-20° 0 0.839 0.000
Age at vaccination

Neonatal 2 0.29 (0.06 t0 1.37) 1.00 (ref.)

School age 2 0.08 (0.01 to 7.69) 0.26 (0.01 t0 9.60)

Other 2 0.16 (0.01 to 12.56) 0.56 (0.02 to 16.96) 0.530 0.000
Was follow-up independent of vaccination status?

Lower risk of bias 3 0.27 (0.09 10 0.83) 1.00 (ref.)

Higher risk of bias 3 0.09 (0.01 t0 1.82) 0.32 (0.02 t0 5.31) 0.325 0.000
Was case ascertainment blinded to vaccination status?

Lower risk of bias 0

Higher risk of bias 6 0.035
Were methods of case ascertainment identical for vaccinated and unvaccinated group?

Lower risk of bias 6

Higher risk of bias 0 0.035
Were losses to follow-up similar in each group?

Lower risk of bias 2 0.09 (0.01t01.77) 1.00 (ref)

Higher risk of bias 4 0.28 (0.09 t0 0.83) 3.13(0.191t0 50.73) 0.318 0.000
Was diagnostic detection bias present?

Lower risk of bias 2 0.08 (0.01 t0 2.31) 1.00 (ref.)

Higher risk of bias 4 0.27 (0.09 to 0.80) 3.58 (0.16 t0 81.52) 0.321 0.000
Were results adjusted for SES?

Yes 0

No 6

Study type

Prospective 3 0.10 (0.01 to 1.40) 1.00 (ref.)

Retrospective 3 0.28 (0.09 t0 0.87) 2.98 (0.24 to 37.84)

Contact 0 0.298 0.000

ref., reference category; 72, estimated between-study variance.
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TABLE 21 Ratios of rate ratios (with 95% CI) comparing the incidence of tuberculosis meningitis and/or miliary
tuberculosis among vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up
(see Table 5) in case population studies, according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios

Variable studies (95% CI) Ratio of rate ratios (95% CI) p-value T2
Null model 6 0.292
Latitude

>40° 3 0.13(0.02t0 0.92) 1.00 (ref.)

20-40° 1 0.06 (0.01 to 2.91) 0.49 (0.02 to 12.00)

0-20° 2 0.16 (0.01 t0 2.73) 1.24 (0.09 10 16.17) 0.723 0.434
Age at vaccination

Neonatal 5 0.12 (0.04 t0 0.34) 1.00 (ref.)

School age 1 0.13(0.01 t0 3.86) 1.04 (0.05 10 24.13)

Other 0 0.969 0.340

Were cases and population the same in terms of time?

Lower risk of bias 6
Higher risk of bias 0 0.292

Were cases and population the same in terms of geography?

Lower risk of bias 6
Higher risk of bias 0 0.292

Were cases and population the same in terms of age?

Lower risk of bias 5 0.06 (0.01 t0 0.88) 1.00 (ref.)
Higher risk of bias 1 0.13(0.05 to 0.40) 0.46 (0.04 to 5.65) 0.440 0.328

Was case ascertainment blinded to vaccination status?

Lower risk of bias 1 1.00
Higher risk of bias 5 0.30 (0.07 to 1.21) 0.075 0.063

Was disease status blinded to BCG assessors?

Lower risk of bias 0
Higher risk of bias 6 0.292

Were methods of case ascertainment same for vaccinated and unvaccinated?

Lower risk of bias 1 0.19(0.01 t0 7.39) 1.00 (ref.)
Higher risk of bias 6 0.12 (0.04 t0 0.33) 1.65 (0.06 to 45.73) 0.697 0.323

ref., reference category; 72, estimated between-study variance.

Extrapulmonary tuberculosis
Unstratified analysis ordered by year study started
The results presented in forest plots in Figures 68-71 show estimated effects of BCG vaccination
against non-meningeal and non-miliary forms of extrapulmonary tuberculosis from
observational studies. Case—control studies showed relatively high protection of BCG vaccination
against extrapulmonary tuberculosis, ranging from substantial protection [OR 0.12 (95% CI
0.06 to 0.26)] in Argentina’ to a lower effect [OR 0.63 (95% CI 0.30 to 1.32)] in Bangalore
Children.*® There was more substantial variation in estimates of BCG vaccination effectiveness
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TABLE 22 Ratios of risk ratios (with 95% CIl) comparing the prevalence of tuberculosis meningitis and/or miliary
tuberculosis among vaccinated individuals compared with unvaccinated individuals in cross-sectional studies,
according to univariable meta-regression analysis

Number of Univariable RRs (95%

Variable studies Cl) RRRs (95% Cl) p-value T2
Null model 6 1.433
Latitude

>40° 2 0.47 (0.01 t0 55.16) 1.00 (ref.)

20-40° 2 0.16 (0.00 to 42.04) 0.34 (0.01 to 76.59)

0-20° 2 0.13 (0.00 to 39.65) 0.27 (0.01 t0 67.74) 0.734 2.140
Age at vaccination

Neonatal 3 0.16 (0.01 t0 8.90) 1.00 (ref.)

School age 2 0.47 (0.01 t0 38.89) 2.90 (0.04 to 238.16)

Other 1 0.07 (0.00 to 3516) 0.41 (0.01 to 2160) 0.683 1.793

Was disease status blinded to BCG assessors?

Lower risk of bias 1 0.11 (0.00 to 39.63) 1.00 (ref.)
Higher risk of bias 5 0.27 (0.03 t0 2.38) 2.55(0.01 t0 631.35) 0.662 1.641

Were vaccination definitions the same for cases and control subjects?

Lower risk of bias 4 0.16 (0.06 to 0.43) 1.00 (ref.)
Higher risk of bias 2 1.82(0.28t0 11.76) 11.33(1.79 to 71.53) 0.022 0.061

Were cases and control subjects determined independently of BCG vaccination status?

Lower risk of bias 4 0.28 (0.02 to 4.28) 1.00 (ref.)
Higher risk of bias 2 0.19(0.01 to 5.74) 0.66 (0.01 to 30.55) 0.783 1.839

Were results adjusted for SES?

Yes 0

No 6 1.433
Study type

Non Contact 5 0.11 (0.00 to 39.63) 1.00 (ref.)

Contact 1 0.27 (0.03 10 2.38) 2.55(0.01 to 631.35) 0.662 1.641

ref., reference category; 72, estimated between-study variance.

in cohort studies (see Figure 68), ranging from high levels of protection [rate ratio 0.14 (95% CI
0.10 to 0.19)] in Dusseldorf children,' to no evidence of clinical benefit in the Lyon students
study'® [rate ratio 1.71 (95% CI 0.31 to 9.36)]. High levels of protection against extrapulmonary
tuberculosis were seen in all case population (see Figure 70) and cross-sectional studies

(see Figure 71).

Case-control studies
See Figure 68.

Cohort studies
See Figure 69.

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is
not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.



‘uels Apnis Jo Jeak AQ palaplo ‘saipnis YOYoD Ul (i 8/qel 93s) dn-mojjo} JO uoljeinp 1sabuo|
8y} JO} S[ENPIAIPUI PaJEUIDOBAUN Ul JBU} UUM S[ENpPIAIPUl PajeUIDOBA ©OF Buowe sisojnaisqn} Areuow|ndesixs Jo aousploul sy} Bupedwod (19 %66 UM) soljes aiey 69 IHNDIL

sISo|noJagn} JO Ysu sISO|NoJagn} JO Ysu
S8SBaI0U| UOIJeUIOORA ©)F  S90NPaJ UOIEUIOORA ©)F

o_N o_r S 4 L muo Nuo _.uo mﬁw.o

| Il
(012 01 9%°0) 86°0 _ ollizeig 9661 (01oueg) OVYAIY lIZRig
L9g‘clLe/08 9/1'26¥/2 (k2’0 0% 1L0°0) GO0 > ., .UepIor 0861 (Bysiyeg) uepiop
¥G2°004/9 82L'€LL/0} (98'c 01 2€°0) €0°} —_— w2IMEBN 6.6 (sneybluuod) eBuosey)
LLo'Le/y 6181/2 (9€°6 01 LE0) LL'L 40,00UBIH 9GG | (Seuisidseq) Suspn}s UOAT
069'G92/81Y 109°28L/L¥ (61°0010L°0) ¥1'0 — o AUBLLIBD) $GB | (QNJL) usip|iyd popjessng
122/0S 0e8/vk (Z¥'001¥1°0) 9270 _— 0., 00000 0561 (PNED) UBIP|IYD 0000
698°06/5€ G85°072/9S (2004 LL0) 910 — 0, 90UBIH 8761 (XNBIY-ZoUISD) UBIP|IYD Yyouai4
9Lv/L) 9€0L/9k (98°0 01 22°0) £7°0 —_— o.femioN 161 (UsbBiog) LGeL AemioN
SAd/sesed SAd/sesed (19 %g6) "y Apms

pajeulooeaun pajeuiooep

"s|ge|ieAe 10U SeM o]ep Lels Apnis JI pesn sem uoneolgnd Apnis Jo ajeq ‘e "ueis Apnis Jo
Jeak Ag peJeplo ‘Seipn}s |04JU00-8SeD Ul S108[gNs [0J1U0D pue SBSED SIsojnoJegn] Aleuow|ndelixs Jo SNiels UoleuInoBA 5DF oyl Buedwoo (1D %S6 Uim) soilel SppO 89 JHNDIA

sIso|noJagn} JO Ysu sISo|noJagn} JO Ysu
S9SBaJoU| UOIJBUIOORA ©)F  S80NPal UOIIBUIDOBA HDG

o_N o__. S 4 3 muo Nuo _.“o mmw.o

| Il

02/LL GS/61 (2e’1 01 0£°0) £9°0 L o«BIPUI 7002 (BUPBYD) UBIP|IYD di0[ebueg

LCL/L6 ¥Se/ve (£6°0 01 90°0) 610 _— 20BIPUl ¥66 L (Aedpoz) [endsoy undbBen

LL/LL €L/5¢ (lv'0 01 21°0) 220 _ 2, 00X8IN 1661 (z8[BZUOD)-ZOUILE|N) OOIXBIN

G/2/08 £91/69 (L2001 2£0) 1G0 —_— yABWURAN €861 (QUIAN) JewueAy

8//9¢ ZrL/8 (92°0 01 90°0) 210 _— ,Bunuabiy 1861 (I1901N) eunuebly

0c/01 ov/S (€20 01 60°0) G20 —_— ¢/BISeuopu| |86 (llesind) eissuopu|

€12/8Y €68/.€ (82’001 21°0) 810 —_— «PUBIYL 0861 (BuoiWwsIfeABYD) pUEliey L

S|01}U0D/SaSED S|043U00/S8SED (1D %S6) HO Apms
pajeulooeAun pajeurdoep

(=]
[
-—

NIHR Journals Library www.journalslibrary.nihr.ac.uk


www.journalslibrary.nihr.ac.uk

DOI: 10.3310/hta17370 Health Technology Assessment 2013; Vol. 17: No. 37 121

Case population studies
See Figure 70.

Cross-sectional studies
See Figure 71.

Stratified analysis by latitude (10°), ordered by year study started

Forest plots showing stratifications of observational studies assessing the protective effect of
BCG vaccination on extrapulmonary tuberculosis according to latitude are provided in Figures
72 and 73. Only a few studies fell into each latitude category and the findings should therefore be
treated with caution. The overall protective effect of BCG vaccination in case-control studies was
lower in the four studies conducted close to the equator, whereas there was reasonably consistent
evidence of higher protection observed in three studies conducted at latitudes above 20°. There is
also evidence from cohort studies of relatively higher protection observed in studies conducted
above 50° with substantial variation between cohort studies conducted at high latitudes.
Estimated effects from the one case population study (above 50° latitude) showed a higher
protection effect compared with one located between 30° and 40° while there was little variation
in the effect of BCG vaccination effectiveness according to latitude in the two cross-sectional
studies, one at 30-40° latitude and the other above 50° latitude.

Meta-regression analysis

Only case-control and cohort studies had a sufficient number of studies of the protection by BCG
vaccination against extrapulmonary tuberculosis to perform meta-regression analyses. Based

on these results, latitude was found to explain respectively 26% and 42% of the between-study
variation (72 value before and after stratification =0.262 and 0.193, respectively for case-control
studies and t* values before and after stratification =0.895 and 0.520, respectively, for cohort
studies, Tables 23 and 24). However, there was insufficient evidence, from either study design,
that BCG vaccination effectiveness was higher at higher latitudes (estimates of protective effect
from case—control studies conducted between 0° and 20° latitude were 2.04 (95% CI 0.66 to 6.31;
p-value=0.168) times that of studies conducted at higher latitudes (20-40°). Similarly, rate ratios
from cohort studies of 0-20° latitudes were 3.65 (95% CI 0.48 to 28.03; p-value =0.2) times the
rate ratio for studies of latitudes >40°.

Case-control studies
See Figure 72.

Cohort studies
See Figure 73.

Stratified analysis by age at vaccination, ordered by year

study started

There were insufficient data from observational studies to investigate the difference in
effectiveness of BCG vaccination protection against extrapulmonary tuberculosis according
to age at vaccination. All case—control subjects and case population studies assessed neonatal
BCG vaccination, and only one cross-sectional study provided data on school-age vaccination
(Liege children'®) and on vaccination in an ‘other’ age group (Tohoku Outpatients study'®'),
respectively. Figure 74 shows the estimated effects of BCG vaccination on extrapulmonary
tuberculosis from cohorts stratified by age at vaccination. There was substantial variation in
estimates of effect for neonatal and school-age vaccination. Stratification did not appear to
explain the between-study variation.
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Meta-regression analysis

Based on meta-regression analyses, stratification by age at vaccination does not account for any
of the heterogeneity in cohort studies (1* before and after stratification, respectively =0.895 and
1.455). There was therefore no evidence that the effect of BCG vaccination varied according to
age at vaccination (p-value=0.973) (see Table 24).

Cohort studies

Stratified analysis by study design, ordered by year study started

Cohort studies

Figure 75 presents estimated effect of BCG vaccination against extrapulmonary tuberculosis
excluding meningeal and miliary tuberculosis, stratified by study design. The highest protective
effect of BCG vaccination was seen in the pooled estimate for retrospective study design. Study
design appears to explain a small amount of the between-study variation, with a substantial
amount of variation remaining after stratification.

Meta-regression analysis

Stratification on study design accounted for 9% of the heterogeneity: > values=0.895 and
0.817 before and after stratification, respectively. There was no evidence (p-value=0.320) that
the protective effect of BCG vaccination varied according to cohort study design, as shown in
Table 24.

Meta-regression analysis

Case-control studies

Results from univariable meta-regressions for all study variables for case-control studies indicate
that latitude explained some of between-study variation in overall BCG vaccination effectiveness
with a t* value of 0.193, compared with the baseline > (0.262). Nevertheless, there was little
evidence (p-value=0.168) of association between latitude and a degree of protection from BCG.

Cohort studies

For cohort studies, results from univariable meta-regressions indicate that latitude and ‘Were
results adjusted for socio-economic status?’ explained some of between-study variation in overall
BCG vaccination effectiveness with a 1 value of 0.520 and 0.291, respectively, compared with the
baseline 12 value (0.895) but little evidence that any factors were associated with the size of the
protective effect.

Tuberculosis mortality
Unstratified analysis by year study started
Figures 76 and 77 show the results of cohort and cross-sectional studies, respectively, which
presented data on the effect of BCG vaccination on mortality. No case—control or case population
studies provided data on tuberculosis mortality.

Despite the small number of events in each cohort study, all estimates were consistent with a
good to high protective effect of BCG vaccination against tuberculosis mortality. Both cross-
sectional studies provided strong evidence of high BCG vaccination effectiveness.

Cohort studies
See Figure 76.

Cross-sectional studies
See Figure 77.
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TABLE 23 Ratios of odds ratios (with 95% CIl) comparing the BCG vaccination status of extrapulmonary tuberculosis
cases and control subjects in case-control studies, according to univariable and meta-regression analysis

Univariable model

Number of Univariable ORs
Variable studies (95% Cl) Ratio of ORs (95% Cl) p-value T2
Null model 7 0.262
Latitude
40°+
20-40° 3 0.17 (0.07 t0 0.46) 1.00 (ref.)
0-20° 4 0.35(0.17 t0 0.75) 2.04 (0.66 to 6.31) 0.168 0.193
Age at vaccination
Neonatal
School age
Other 0 0.262

Was disease status blinded to BCG assessors?

Lower risk of bias 0
Higher risk of bias 7 0.262

Were vaccination definitions the same for cases and control subjects?

Lower risk of bias 6 0.28 (0.131t0 0.57) 1.00 (ref.)
Higher risk of bias 1 0.19(0.02 to 1.66) 0.69 (0.08 to 5.70) 0.666 0.297

Were cases and control subjects determined independently of BCG vaccination status?

Lower risk of bias 4 0.24(0.10t0 0.63) 1.00 (ref.)
Higher risk of bias 3 0.30(0.10t0 0.91) 1.22 (0.32 10 4.70) 0.718 0.335

Were results adjusted for SES?

Yes 5 0.30(0.13100.65) 1.0 (ref.)
No 2 0.21(0.06100.73)  0.69(0.17102.78) 0528 0.280

If a matched design was used, was a matched analysis performed?

Unmatched design 1 0.18 (0.03 t0 1.31) 1.00 (ref.)
Matched design — matched analysis 1 0.19(0.14 t0 2.45) 1.04 (0.06 10 17.19)
Matched design — matched analysis 5 0.31(0.12 10 0.80) 1.66 (0.251t0 11.19) 0.711 0.332

ref., reference category; 72, estimated between-study variance.
a The 72 for this null model is 0.291.

Stratified analysis by latitude (10°), ordered by year study started

Figure 78 shows the estimates of effect of BCG vaccination against tuberculosis mortality from all
nine cohort studies stratified by 10° bands of latitude. None were conducted close to the equator.
The highest pooled estimate of protection was seen in cohort studies conducted between 30° and
40° latitude [rate ratio 0.11 (95% CI 0.05 to 0.24; VE 88%)], while there was reasonably consistent
evidence of lower, albeit still good protection from cohort studies at latitudes further from the
equator: rate ratio 0.29 (95% CI 0.11 to 0.77; VE 71%) for studies conducted between 40° and

50° latitude, and rate ratio 0.28 (95% CI 0.17 to 0.46; VE 72%) for studies conducted above 50°
latitude.
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TABLE 24 Ratios of rate ratios (with 95% CI) comparing the incidence of extrapulmonary tuberculosis among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 4) in
cohort studies, according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios
Variable studies (95% CI) Ratio of rate ratios (95% Cl) p-value T2
Null model 8 0.895
Latitude
>40° 2 0.27 (0.08 t0 0.94) 1.00 (ref.)
20-40° 2 0.14 (0.02 t0 0.93) 0.52 (0.06 to 4.18)
0-20° 4 1.00 (0.16 10 6.18) 3.65(0.48 t0 28.03) 0.200 0.520
Age at vaccination
Neonatal 2 0.35(0.03 t0 4.41) 1.00 (ref.)
School age 5 0.31(0.06 t0 1.71) 0.88 (0.051t0 14.73)
Other 1 0.43 (0.01 t0 15.94) 1.22 (0.0210 71.74) 0.973 1.455
Was follow-up independent of vaccination status?
Lower risk of bias 3 0.30 (0.08 t0 1.16) 1.00 (ref.)
Higher risk of bias 5 0.41(0.07 to 2.51) 1.40 (0.16 t0 12.07) 0.716 1.126
Was case ascertainment blinded to vaccination status?
Lower risk of bias 0
Higher risk of bias 8 0.895

Were methods of case ascertainment identical for vaccinated and unvaccinated group?

Lower risk of bias 8

Higher risk of bias 0 0.895
Were losses to follow-up similar in each group?

Lower risk of bias 2 0.21 (0.03 to 1.47) 1.00 (ref.)

Higher risk of bias 6 0.40 (0.12 t0 1.39) 1.96 (0.21t0 17.99) 0.484 0.990
Was diagnostic detection bias present?

Lower risk of bias 3 0.44 (0.12t0 1.59) 1.00 (ref.)

Higher risk of bias 5 0.20 (0.04 t0 1.10) 0.46 (0.06 to 3.47) 0.383 0.967
Were results adjusted for SES?

Yes 2 1.00 (0.21 t0 4.71) 1.00 (ref.)

No 6 0.22 (0.09 to 0.51) 0.22 (0.04t0 1.18) 0.069 0.291
Study type

Prospective 4 0.49 (0.13 10 1.90) 1.00 (ref.)

Retrospective 4 0.21 (0.05 t0 0.90) 0.43(0.07 t0 2.87)

Contact 0 0.320 0.817

ref., reference category; 2, estimated between-study variance.
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Meta-regression analysis

Stratifying cohort studies by latitude (20° bands) accounted for a very substantial amount of
the heterogeneity between-studies (12 values before and after stratification 0.128 and 0.000,
respectively) (Table 25). There was some evidence (p-value=0.075) that effectiveness of BCG
vaccination against tuberculosis mortality varies with latitude.

Cohort studies
See Figure 78.

Stratified analysis by age at vaccination, ordered by year

study started

Figure 79 presents the estimated effects of BCG vaccination, stratified by age at vaccination, for
cohort studies. Studies of the effect of BCG vaccination given at school and other ages showed
slightly lower but still good overall protective effect of BCG vaccination against mortality,
compared with neonatal vaccination studies which showed high levels of protection. Age at
vaccination appears to explain a substantial amount of between-study variation. Both cross-
sectional studies conducted vaccination in neonates.

Meta-regression analysis

Among cohort studies, stratification on age at vaccination explained 98% the heterogeneity seen
within studies (null model 12=0.128, t? value after stratification =0.003) (see Table 25). However,
there was no evidence that BCG vaccination effectiveness varied with age at vaccination
(p-value=0.248).

Cohort studies

Stratified analysis by study design, ordered by year study started

Figure 80 presents the estimated effects of BCG vaccination against tuberculosis mortality,
stratified by study design. In general, there was no difference in the effectiveness of BCG
vaccination between prospective and retrospective cohort studies. Study design did not explain
the between-study heterogeneity of cohorts’ estimates of BCG vaccination effectiveness against
tuberculosis mortality.

Meta-regression analysis
Stratification by cohort study design did not explain any of the between-study heterogeneity (null
model t2=0.128, 12 value after stratification=0.135) (see Table 25).

Cohort studies
See Figure 80.

Meta-regression analysis

Cohort studies

The results of univariable meta-regressions for all cohort study variables indicate that latitude, age
at vaccination and ‘Was follow-up independent of vaccination status?’ each explained the largest
amount of between-study variation in overall BCG vaccination effectiveness with t* values of
0.000, 0.003 and 0.000, respectively, compared with the baseline 1> value (0.128). Only latitude
showed some weak evidence (p-value=0.075) that BCG vaccination effectiveness changed

with latitude.

Results by gender for all outcomes
Four trials>'>*** provided data on protective effect of BCG vaccination and gender of
participants. Three out of four studies had an estimated ratio of rate ratios indicating that
BCG vaccination is more protective in females than in males. Estimates of BCG vaccination
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TABLE 25 Ratios of rate ratios (with 95% CI) comparing the incidence of tuberculosis mortality among vaccinated
individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 4) in cohort studies,
according to univariable meta-regression analysis

Univariable model

Number of Univariable rate ratios
Variable studies (95% Cl) Ratio of rate ratios (95% Cl) p-value T2
Null model 9 0.128
Latitude
40°+ 6 0.28 (0.16 t0 0.49) 1.00 (ref.)
20-40° 3 0.11 (0.04 t0 0.29) 0.39(0.13t01.13)
0-20° 0 0.075 0.000
Age at vaccination
Neonatal 2 0.11 (0.04 10 0.33) 1.00 (ref.)
School age 4 0.23 (0.08 0 0.70) 2.10 (0.47 t0 9.30)
Other 3 0.28 (0.15 t0 0.55) 2.57 (0.75 10 8.76) 0.248 0.003
Was follow-up independent of vaccination status?
Lower risk of bias 5 0.28 (0.16 t0 0.48) 1.00 (ref.)
Higher risk of bias 4 0.12 (0.05 t0 0.31) 0.45(0.16 t0 1.28) 0.113 0.000
Was case ascertainment blinded to vaccination status?
Lower risk of bias 0
Higher risk of bias 9 0.128
Were methods of case ascertainment identical for vaccinated and unvaccinated group?
Lower risk of bias 9
Higher risk of bias 0 0.128
Were losses to follow-up similar in each group?
Lower risk of bias 3 0.28 (0.12 to 0.66) 1.00 (ref.)
Higher risk of bias 6 0.17 (0.08 to 0.36) 0.60 (0.20 to 1.81) 0.312 0.065
Was diagnostic detection bias present?
Lower risk of bias 2 0.12(0.01 t0 1.04) 1.00 (ref.)
Higher risk of bias 7 0.21 (0.11 t0 0.41) 1.81(0.20t0 16.32) 0.544 0.128
Were results adjusted for SES?
Yes 0
No 9
Study type
Prospective 5 0.15(0.04 to 0.56) 1.00 (ref.)
Retrospective 4 0.22 (0.11 t0 0.46) 1.47 (0.3510 6.28)
Contact 0 0.547 0.135

ref., reference category; t2, estimated between-study variance.
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effectiveness were presented by gender for six case-control studies, one cohort, one case
population and two cross-sectional studies in Appendix 6. There was no evidence of a difference
in protective effect in females compared with males: for any tuberculosis outcome, eight estimates
of effect were higher in females than in males, whereas seven showed higher effectiveness

in males.

Results by human immunodeficiency virus status for all outcomes
No trials reported results by HIV status of participants.

Only one cross-sectional study (Cape Town Children'°) commented that the prevalence of HIV+
children in the vaccinated compared with unvaccinated groups was not significantly different.
No breakdown of effectiveness by HIV status of the study population was provided. It was not
possible to calculate the proportion HIV infected, as not all participants received an HIV test,
although it is likely that the BCG group were all HIV tested.

Duration of protection by bacillus Calmette-Guérin vaccination

Randomised controlled trials
Pulmonary tuberculosis
Ten trials provided sufficient data to investigate the duration of protection afforded by BCG
vaccination against pulmonary tuberculosis (Figure 81). In the majority of studies there was
evidence of protection during the first 5 years of follow-up, while one study (Chingleput®) found
an adverse effect of vaccination during this period. In the majority of studies, the protection
afforded by BCG vaccination appeared to decline after the first 5 years. The study with the
longest follow-up period (Native American trial°) found evidence of protection up to 20 years.
By contrast with the trend in the majority of trials, the negative effect of BCG vaccination in the
early years of follow-up in the Chingleput study* was attenuated, with rate ratios close to 1, in
subsequent years. Possible explanations for this result are explored further in the discussion (see
Chapter 5).

We examined changes in efficacy over time in each study by estimating the ratio of rate ratios
per 5 years of follow-up. Such estimates are based on the assumption that, within each study,
there is a linear trend in the log-rate ratio over time, and correspond to the assumption of a
straight-line relationship for each study in Figure 81. The forest plots in Figures 82 and 83 display
these estimated ratios of rate ratios, before and after excluding the first 5 years of follow-up
(during which tuberculosis rates may be influenced by prior infection in studies that did not
exclude tuberculin skin test positive individuals at enrolment). Figure 82 shows that, on average,
the protective effect of BCG vaccination declined over time (summary ratio of rate ratios=1.14
per 5 years’ follow-up; 95% CI 1.03 to 1.27), with little evidence of between-study heterogeneity
(t*=0.00). Figure 83 shows that excluding data from the first 5 years of follow-up for each study
resulted in a more pronounced decline in the protective effect of BCG vaccination (summary
ratio of rate ratios 1.47; 95% CI 1.03 to 1.24), and this effect was also more consistent across
studies. Again there was little evidence of between-study heterogeneity (t?=0).

Temporal changes in efficacy

Figures 84 and 85 are scatterplots of the ratio of rate ratios per 5 years of follow-up compared with
the overall rate ratio for each study, including and excluding the first 5 years’ follow-up. There
was little evidence of an association between change in efficacy over time and overall efficacy
across studies.

Temporal changes in efficacy in relation to overall efficacy
See Figures 84 and 85.
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FIGURE 84 Scatterplot of change per 5 years in rate ratio compared with overall rate ratio, comparing incidence of
pulmonary tuberculosis among BCG vaccinated individuals with that in unvaccinated individuals, in RCTs, including
the first 5 years of data for each study. The area of the circles is proportional to the inverse of the variance of the log-
rate ratio comparing vaccinated with unvaccinated individuals. CCH, Cook County Hospital; TB HH, tuberculosis
households.
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FIGURE 85 Scatterplot of change per 5 years in rate ratio compared with overall rate ratio, comparing incidence of
pulmonary tuberculosis among BCG vaccinated individuals with that in unvaccinated individuals, in RCTs, excluding
the first 5 years of data for each study. The area of the circles is proportional to the inverse of the variance of the log-
rate ratio comparing vaccinated with unvaccinated individuals. CCH, Cook County Hospital; TB HH, tuberculosis
households.
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Study efficacy by follow-up period

Figures 86-89 are forest plots of the effect of BCG vaccination in each trial, within the successive
follow-up periods 0-5 years, 5-10 years, 10-15 years and > 15 years after vaccination. During the
first 5 years after vaccination (see Figure 86), there was substantial between-study heterogeneity
in the effect of BCG vaccination (1*=0.49). Although there was evidence of protection in most
studies (ranging from low VE of 31% in the Puerto Rico trial® to high efficacy of 89% in the
Haiti trial**), the Chingleput trial*® found evidence of increased rates of pulmonary tuberculosis
in vaccinated individuals (rate ratio 2.07, 95% CI 1.10 to 3.88) (see Chapter 5, Discussion,

for explanations).

Among the seven trials that reported relevant outcome data for the period 5-10 years after
vaccination, there was substantial between-study heterogeneity (t*=0.57) (see Figure 87).
Although there was little evidence of protection in the Chicago infants,*® Georgia/Alabama’® and
Chingleput trials,” estimated vaccine efficacy was 72% in the MRC trial'* and 86% in the Native
American trial®

Figure 88 displays results from the seven trials that reported relevant data for the period

10-15 years after vaccination. The number of events in the intervention and control arms of most
studies was small. There was clear between-study heterogeneity, but this was less marked than for
earlier time periods (t*°=0.19).

Relatively few events were reported for the period after 15 years of study follow-up (see
Figure 89). Although there was some evidence of between-study heterogeneity, this was less than
for earlier time periods (1=0.13). Only the Native American trial® found evidence of protection.

Measure of waning efficacy

Table 26 shows rate ratios for the effect of BCG vaccination during the first 10 years and after

10 years, together with the ratio of these rate ratios (i.e. the change in effect of BCG vaccination
after compared with before 10 years described here as a ‘measure of waning efficacy’), for the
seven trials that reported sufficient data. In general, most cases of tuberculosis were found during
the first 10 years’ follow-up and so the estimated rate ratios are similar to the overall rate ratios
displayed in Figure 3. For each of the seven trials, the effect of BCG vaccination was less after
than before 10 years (ratio of rate ratios > 1).

Meta-regression analysis

Univariable analysis results on the waning efficacy measure (comparing the rate ratio after

10 years of follow-up with the rate ratio in the first 10 years) found little evidence of associations
between any of the study characteristics and the measure of waning efficacy. There was
considerable between-study heterogeneity (1*=0.182), which appeared to be explained either by
latitude or by age at vaccination/tuberculin testing (Table 27).

All tuberculosis disease outcomes

Ten trials provided data to investigate duration of protection by BCG vaccination against all
forms of tuberculosis (Figure 90). In the majority of studies, there was evidence of protection
during the first 5 years of follow-up except in the Chingleput trial,?® with protective efficacy
appearing to decrease over time. Trials including the Saskatchewan infants'" and the two Chicago
studies*® showed an initially high protective effect which decreased within 5 to 10 years. The
Chingleput trial®® showed BCG vaccination to be potentially harmful in the first 5 years of study,
which attenuated to rate ratios close to 1 in subsequent years [further discussion in the Discussion
(see Chapter 5) provides an explanation for this observation]. The remaining four studies showed
low initial protective effects with a rapid decline in efficacy over the MRC and Native American
studies®'* showed a highly protective effect of BCG vaccination beyond 10 and 15 years,
respectively.
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TABLE 26 Rate ratios (with 95% CI) comparing incidence of pulmonary tuberculosis among vaccinated individuals with
that in unvaccinated individuals and vaccine efficacy (with 95% CI) in the first 10 years of, and after 10 years of, follow-
up; and ratio of rate ratios (with 95% ClI) after 10 years compared with first 10 years of study

Waning efficacy

Protection in first 10 years of follow-up  Protection post 10 years of follow-up measure
Effect of BCG
vaccination after
Rate ratio (95% CI)  VE (95% CI) for Rate ratio (95% CI)  VE (95% Cl) for the first 10 years
for effect of BCG effect of BCG for effect of BCG the effect of BCG compared with the first
vaccination in the vaccination in vaccination after vaccination after 10 years ratios of the
Trial first 10 years the first 10 years 10 years 10 years rate (95% Cl)
Native American® 0.19(0.14 t0 0.26) 81 (74 10 86) 0.50 (0.32 10 0.78) 50 (22 10 68) 2.62 (1.52 to0 4.50)
Chicago Infants CCH*  0.33 (0.18 t0 0.59) 67 (41 t0 82) 0.51 (0.05 10 5.62) 49 (-462 to 95) 1.54(0.1310 18.27)
Georgia (School)* 0.47 (0.04t0 5.17) 53 (-417 to 96) 2.81(0.29t027.06) —181(-2606t071)  6.01(0.22t0 162.7)
Puerto Rico Children™  0.69 (0.50 to 0.95) 31 (510 50) 0.74 (0.53 10 1.03) 26 (-3 10 47) 1.08 (0.68t0 1.71)
Georgia/Alabama'® 0.83(0.42 to 1.64) 17 (-64 to 58) 1.06 (0.49 t0 2.28) —6 (-128 to 51) 1.27 (0.45 10 3.53)
Madanapalle® 0.17(0.04 10 0.77) 83 (23 to 96) 1.07 (0.66 t0 1.73) —7 (-73 10 34) 6.13 (1.2810 29.34)
Chingleput?® 1.03(0.8101.32) -3 (-32 t0 20) 1.06 (0.82 10 1.37) —6 (-37 10 18) 1.03(0.7210 1.47)

CCH, Cook County Hospital.
The waning efficacy measure is the comparison of the effect estimates (rate ratios) after 10 years of follow-up compared with the first 10 years of

study follow-up.

Based on an assumption of a linear trend in log of rate ratio over time, we investigated the
change in efficacy over time, by estimating the ratio of rate ratios per 5 years for the whole of
the study periods in Figure 91 and excluding the first 5 years of study in Figure 92. Apart from
the Chingleput® and Puerto Rico" studies, all studies showed an increasing rate ratio (declining
protection) for each 5 years of follow-up, with a summary ratio of rate ratios per 5 years of
follow-up of 1.16 (95% CI 1.01 to 1.33) and little between-study heterogeneity (t>=0.013) (see
Figure 91). Figure 92 shows that if data from the first 5 years of follow-up were excluded, the
decline in protective effect was more pronounced [summary ratio of rate ratio 1.32 (95% CI

1.10 to 1.59)]. There was again little between-study heterogeneity (t>=0.02).

Temporal changes in efficacy
The scatter plots displayed in Figures 93 and 94 show the change in rate ratio per 5 years’
follow-up compared with the overall rate ratio for each study, including and excluding the first
5 years of follow-up. There is little evidence of an association between change in efficacy over
time and overall efficacy across studies, similarly to Figures 84 and 85.

Temporal changes in efficacy in relation to overall efficacy

Study efficacy by follow-up period

The forest plots in Figures 95-98 show the effectiveness of BCG vaccination against all forms of
tuberculosis, within the successive follow-up periods 0 to 5 years, 5 to 10 years, 10 to 15 years
and > 15 years following vaccination. During the first 5 years, there was substantial heterogeneity
in the effect of BCG vaccination (t2=0.56). While there was evidence of a protective effect,
ranging from low protection 31% in Puerto Rico children' to high protection 89% (95% CI
0.09% to 99%) in Haiti,” the Chingleput Study*® showed a potentially negative effect of BCG
vaccination in first 5 years of study [rate ratio 2.26 (95% CI 1.36 to 3.76)] (see Chapter 5,
Discussion, for an explanation).

Among the eight trials

5,13-15,28,48

with data on protection between 5 and 10 years after vaccination,

there was substantial between-study heterogeneity (1>=0.54) (see Figure 96). Although there was
little evidence of protection in the Chicago infants (TB HH),*® Puerto Rico,"” Georgia/Alabama'
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TABLE 27 Ratios of rate ratios (with 95% CI) comparing the incidence of pulmonary tuberculosis among vaccinated
individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in RCTs,
according to univariate meta-regression analysis

Univariable model

Number of Univariable waning efficacy  Ratio of waning efficacy
Variable trials measure (95% Cl) measures (95% Cl) p-value T2
Null model 7 0.182
Latitude
>40° 2.55(0.92t07.12) 1.00 (ref)
20-40° 1.45(0.22 t0 9.66) 0.57 (0.09 10 3.72)
0-20° 1.11(0.65t0 1.89) 0.43(0.16t0 1.19) 0.184 0.000
Age at vaccination/tuberculin testing combined
Neonatal 1 1.54 (0.00 to 1.39x107) 1.00 (ref)
School age/stringent 2 2.67 (0.08 to 85.45) 1.73 (0.01 to 444.78)
School age/non-stringent 1 1.07 (0.05 to 21.36) 0.70 (0.01t0 173.17)
Other age/stringent 1 6.13 (0.01 to 16x10) 3.97 (0.01 to 2436.92)
Other age/non-stringent 2 1.06 (0.12 10 9.28) 0.68 (0.01 to 162.76) 0.251 0.000
Diagnostic quality
Lower risk of bias 1.89 (0.74 t0 4.86) 1.00 (ref.)
Higher risk of bias 1.25(0.40 to 3.98) 0.66 (0.17 t0 2.63) 0.477 0.233
Was the allocation sequence adequately generated?
Lower risk of bias 1 1.03 (0.27 t0 4.03) 1.00 (ref.)
Higher risk of bias 6 1.86 (0.82 10 4.22) 1.80 (0.41 t0 7.83) 0.350 0.207
Was treatment allocation adequately concealed?
Lower risk of bias 1 1.03 (0.27 t0 4.03) 1.00 (ref)
Higher risk of bias 6 1.86 (0.82 10 4.22) 1.80(0.411t07.83) 0.350 0.207
Was knowledge of the allocated intervention prevented during the study?
Lower risk of bias 2 1.60 (0.50t0 5.11) 1.00 (ref)
Higher risk of bias 5 1.67 (0.56 t0 4.97) 1.05 (0.24 to 4.58) 0.937 0.297
Were incomplete outcome data adequately addressed?
Lower risk of bias 3 1.13(0.40 t0 3.23) 1.00 (ref.)
Higher risk of bias 4 2.05(0.82105.13) 1.81(0.50 to 6.54) 0.290 0.196
Are reports of the study free from the suggestion of selective outcome reporting?
Lower risk of bias 6 1.40 (0.75 10 2.63) 1.00 (ref.)
Higher risk of bias 1 6.13 (0.54 to 70.08) 4.36 (0.42 to 44.83) 0.165 0.131
Was ascertainment of cases complete?
Lower risk of bias 6 1.40 (0.75 10 2.63) 1.00 (ref.)
Higher risk of bias 1 6.13 (0.54 to 70.08) 4.36 (0.42 to0 44.83) 0.165 0.131

ref., reference category; 12, estimated between-study variance.

The univariable waning efficacy measures are the comparison of rate ratios after 10 years of study against the rate ratios in the initial 10 years of
study, stratified by different variables. The ratio of waning efficacy measures compares the measures of waning of protection in each strata with
the reference category.
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FIGURE 93 Scatterplot of change per 5 years in rate ratio compared with overall rate ratio, comparing incidence of

all tuberculosis morbidity outcomes among BCG vaccinated individuals with that in unvaccinated individuals, in RCTs,
including the first 5 years of data for each study. The area of the circles is proportional to the inverse of the variance of
the log-rate ratio comparing vaccinated with unvaccinated individuals. CCH, Cook County Hospital; TB HH, tuberculosis
households.
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FIGURE 94 Scatterplot of change per 5 years in rate ratio compared with overall rate ratio, comparing incidence of all
tuberculosis outcomes among BCG vaccinated individuals with that in unvaccinated individuals, in RCTs, excluding
the first 5 years of data for each study. The area of the circles is proportional to the inverse of the variance of the log-
rate ratio comparing vaccinated with unvaccinated individuals. CCH, Cook County Hospital; TB HH, tuberculosis
households.
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and Chingleput trials,?® estimated vaccine efficacy was good, at 73% (95% CI 49% to 85%) in the
MRC study** and high [91% (95% CI 31% to 99%)] in the Saskatchewan trial.”*

Figure 97 shows results from nine trials,>>-'>*%434953 with relevant data on the protective effect

of BCG vaccination between 10 and 15 years after vaccination. The number of events in the
vaccinated and unvaccinated arms was small, for most studies; however, data from the MRC"
and Native American trials® show evidence of substantial protection, with VEs ranging from
good [VE 74% (95% CI 49% to 87%)] to high [VE 88% (95% CI 44% to 97%)], respectively. There
was evidence of between-study heterogeneity but this was lower than for earlier time periods of
follow-up (1*=0.16).

Seven studies™'*'>%4*5 provided estimates of BCG vaccination efficacy beyond 15 years after
vaccination (see Figure 98). There was evidence of between-study heterogeneity (t>=0.16),
although this was less than for periods before 10 years’ follow-up. Only the Native American
study® showed evidence of a protective effect beyond 15 years [rate ratio 0.48 (95% CI 0.32 to
0.72)], equivalent to a moderate VE of 52% (95% CI 28% to 68%), whereas the remaining studies
showed very little evidence of protection by BCG vaccination beyond 15 years after vaccination.

Measure of waning efficacy

Table 28 shows the rate ratio for the effect of BCG vaccination in the first 10 years and 10 years
after vaccination, together with the ratio of these rate ratios (i.e. the change in effect of BCG
vaccination before compared with after 10 years) for the eight trials with relevant data. In general,
most cases occurred in the first 10 years’ follow-up and so the estimated rate ratios are similar

to the overall rate ratios displayed in Figure 7. For seven of the eight trials, the effect of BCG
vaccination was smaller after 10 years than before 10 years (ratio of rate ratio > 1).

Meta-regression analysis

Univariable analysis of the waning efficacy measure (which compares the rate ratio after 10 years
of follow-up with the rate ratio in the first 10 years) of trials for all tuberculosis morbidity
outcomes provided some evidence that latitude was associated with the waning efficacy measure
(p=0.058). The between-study variation (null t*=0.249) was accounted for both by stratification
on latitude and by stratification on age at vaccination/tuberculin testing stringency (both
12=0.000) (Table 29).

Combined meningeal/miliary tuberculosis

Only the MRC trial** had data on combined meningeal/miliary tuberculosis divided by duration,
but there were no cases in the BCG vaccination group over the follow-up period so no summary
measures could be calculated for changes in the rate ratio over time.

Extrapulmonary tuberculosis

Three studies®>*'* provided sufficient data to assess the duration of protection of BCG vaccination
against extrapulmonary forms of tuberculosis (excluding meningeal or miliary tuberculosis)
(Figure 99). Both the Native American® and MRC trials* showed consistently high levels of
protection, for the whole duration of the trial. The study conducted in Georgia/Alabama'®
showed no evidence of protection in the first 10 years following vaccination, with a final estimate
of lower protection after 15 years.

Temporal changes in efficacy

Figures 100 and 101 show the change in rate ratio per 5 years for the three studies with data
on extrapulmonary tuberculosis outcomes. These studies demonstrate a decrease in BCG
vaccination efficacy over time, with a slightly greater decrease if the first 5 years of data

are excluded.
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TABLE 28 Rate ratios (with 95% CI) comparing incidence of all tuberculosis morbidity outcomes among vaccinated
individuals with that in unvaccinated individuals and VE (with 95% ClI) in the first 10 years of and after 10 years of follow-
up, and ratio of rate ratios (with 95% ClI) after 10 years compared with first 10 years of study

Protection in first 10 years of follow-up

Protection post 10 years of follow-up

Waning efficacy measure

Effect of BCG vaccination

Rate ratio (95% Cl) ~ VE (95% Cl)for ~ Rate ratio (95% CI)  VE (95% Cl) for after the first 10 years

for effect of BCG effect of BCG for effect of BCG the effect of BCG compared with the first

vaccination in the vaccination in vaccination after vaccination after 10 years of ratio of the
Trial first 10 years the first 10 years 10 years 10 years rate (95% Cl)
Native American® 0.19 (0.14 to 0.26) 81 (74 to 86) 0.48(0.32100.72) 52 (2810 68) 2.49 (1.49 10 4.16)
Chicago Infants CCH*  0.27 (0.15 t0 0.47) 73 (53 to 85) 0.51(0.05t05.62) 49 (-462 to 95) 1.91 (0.16 to 22.56)
Georgia (School)* 0.94 (0.13 10 6.65) 6 (565 to 87) 2.81(0.29t027.06) —181(-26061t071)  3.00 (0.15 to 59.95)
Puerto Rico Children'  0.77 (0.59 to 1.02) 23 (-2 to 41) 0.64(045t00.92) 36 (810 55) 0.83 (0.53 t0 1.30)
Georgia/Alabama’® 0.85(0.4510 1.62) 15 (-62 to 55) 1.06 (0.52102.16) —6(-116t0 48) 1.24 (0.47 10 3.23)
Madanapalle 0.17 (0.04 t0 0.77) 83 (23 to 96) 1.07(0.661t01.73) -7 (73 t0 34) 6.13 (1.28 t0 29.34)
MRC™ 0.20 (0.151t0 0.27) 80 (73 to 85) 0.56 (0.28t101.12) 44 (1210 72) 2.78 (1.3110 5.93)
Chingleput?® 1.03(0.8010 1.32) -3 (=32 t0 20) 1.06 (0.82t01.37) —6(-371t018) 1.03(0.721t0 1.47)

CCH: Cook County Hospital.
The waning efficacy measure is the comparison of the effect estimates (rate ratios) after 10 years of follow-up compared with the first 10 years of
study follow-up.

Study efficacy by follow-up period

The forest plots in Figure 102-105 show the effectiveness of BCG vaccination against
extrapulmonary tuberculosis, within the successive follow-up periods 0-5 years, 5-10 years,
10-15 years and > 15 years following vaccination. During the first 5 years, there was substantial
heterogeneity in the effect of BCG vaccination (t?=1.1). Two trials showed evidence of a

strong protective effect, ranging from good protection 78% (95% CI -2% to 95%) in the Native
American’® study to high protection [VE 87% (95% CI 72% to 94%)] in the MRC trial,'* whereas
the Georgia/Alabama study’® showed no evidence of clinical benefit (note: very small number
of events).

Among the three trials’*'** with data on protection between 5 and 10 years after vaccination,
there was no heterogeneity (t*=0) (see Figure 103), with the protective effect ranging from a rate
ratio of 0.14 (95% CI 0.03 to 0.63) to 0.62 (95% CI 0.10 to 3.74), equivalent to a range of vaccine
efficacy from 38% (95% CI -274% to 90%) to a high 86% (95% CI 37% to 97%).

Figure 104 shows results from four trials>'*** with relevant data on the protective effect of BCG
vaccination between 10 and 15 years after vaccination. The number of events in the vaccinated
and unvaccinated arms was small for most studies; however, data from the Native American® and
MRC trials' show evidence of substantial protection beyond 10 years (VE ranging from good
protection at 76% to a high protective effect at 87%). There was some evidence of between-study
heterogeneity (12=0.29).

Two studies™"* provided details on BCG vaccination efficacy beyond 15 years after vaccination
(see Figure 105). There was no evidence of between-study heterogeneity (1>=0). Only the
Native American® study showed a protective effect beyond 15 years [rate ratio 0.31 (95% CI
0.11 to 0.88)], equivalent to a good VE of 69% (95% CI 12% to 89%), whereas the Georgia/
Alabama trial® showed only little evidence of protection by BCG vaccination beyond 15 years
after vaccination.
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TABLE 29 Ratios of rate ratios (with 95% CI) comparing the incidence of all tuberculosis morbidity outcomes among
vaccinated individuals compared with unvaccinated individuals for the longest duration of follow-up (see Table 3) in
RCTs, according to univariable meta-regression analysis

Univariable model

Number of Univariable waning efficacy Ratio of waning efficacy
Variable trials measure (95% Cl) measures (95% Cl) p-value T
Null model 8 0.249
Latitude
>40° 3 2.56 (1.32 to 4.96) 1.00 (ref.)
20-40° 2 1.34(0.32105.71) 0.53 (0.12 t0 2.30)
0-20° 3 1.01 (0.65 10 1.56) 0.39(0.1910 0.82) 0.058 0.000
Age at vaccination/tuberculin testing combined
Neonatal 1 1.91 (0.01 t0 430.48) 1.00 (ref.)
School age/stringent 3 2.59 (1.03 to 6.50) 1.35(0.02 to 78.56)
School age/non-stringent 1 0.83 (0.30 to 2.24) 0.43 (0.01 t0 25.39)
Other age/stringent 1 6.13(0.20 to 190.73) 3.20 (0.03 to 367.95)
Other age/non-stringent 2 1.06 (0.51 10 2.19) 0.55(0.01 t0 31.40) 0.113 0.000
Diagnostic quality
Lower risk of bias 5 2.03(0.991t0 4.19) 1.00 (ref.)
Higher risk of bias 3 1.03(0.3810 2.78) 0.50 (0.16 t0 1.62) 0.202 0.198
Was the allocation sequence adequately generated?
Lower risk of bias 1 1.03 (0.24 t0 4.36) 1.00 (ref.)
Higher risk of bias 7 1.87 (0.89 10 3.91) 1.80 (0.39 10 8.43) 0.383 0.281
Was treatment allocation adequately concealed?
Lower risk of bias 1 1.03 (0.24 10 4.36) 1.00 (ref)
Higher risk of bias 7 1.87 (0.89 10 3.91) 1.80 (0.39 10 8.43) 0.383 0.281
Was knowledge of the allocated intervention prevented during the study?
Lower risk of bias 2 1.57 (0.50 t0 4.93) 1.00 (ref)
Higher risk of bias 6 1.75(0.71 10 4.30) 1.11(0.28 10 4.44) 0.858 0.346
Were incomplete outcome data adequately addressed?
Lower risk of bias 3 1.16 (0.40 10 3.34) 1.00 (ref.)
Higher risk of bias 5 2.01(0.90 to 4.52) 1.73(0.49106.14) 0.328 0.262
Are reports of the study free from the suggestion of selective outcome reporting?
Lower risk of bias 7 1.48 (0.80t0 2.71) 1.00 (ref.)
Higher risk of bias 1 6.13 (0.58 to 64.89) 415 (0.41 to 42.27) 0.184 0.204
Was ascertainment of cases complete?
Lower risk of bias 7 1.48 (0.80t0 2.71) 1.00 (ref.)
Higher risk of bias 1 6.13 (0.58 to 64.89) 4.15(0.41 to 42.27) 0.184 0.204

ref., reference category; 2, estimated between-study variance.

The univariable waning efficacy measures are the comparison of rate ratios after 10 years of study against the rate ratios in the initial 10 years of
study, stratified by different variables. The ratio of waning efficacy measures compares the measures of waning of protection in each strata with
the reference category.
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FIGURE 99 Vaccine efficacy and rate ratios (with 95% CI) comparing the incidence of extrapulmonary tuberculosis
(non-tuberculosis meningitis or miliary tuberculosis) among BCG vaccinated individuals to that in unvaccinated
individuals, in RCTs, over time.

Measure of waning efficacy

The rate ratios for the effect of BCG vaccination in the first 10 years after vaccination, and after
the first 10 years, along with associated VE and the ratio of these rate ratios (waning efficacy
measure) are shown in Table 30. Both the Native American® and MRC trials' showed evidence
of high protection before 10 years and good protection 10 years after vaccination. The Georgia/
Alabama trial"® showed an increase in protection after 10 years to a moderate protective effect,
compared with the first 10 years after vaccination.

Tuberculosis mortality

Only the Native American trial® provided data on mortality showing strong evidence that BCG
vaccination affords protection against death associated with tuberculosis, for up to 25 years after
vaccination (Figure 106). The annual change in rate ratio per 5 years for the Native American’
study was 1.06 (95% CI 1.01 to 1.11). If the first 5 years of data are excluded, the decrease in

the rate ratio of effect of BCG vaccination on tuberculosis mortality per 5 years was more
pronounced [annual change in rate ratio 1.54 (95% CI 1.10 to 2.14)] (Table 31).

Measure of waning efficacy

Vaccine efficacy against tuberculosis mortality in the Native American trial® was high for the first
10 years after vaccination, estimated at 89%. This protective effect was found to be almost four
times lower after 10 years since vaccination.
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TABLE 30 Rate ratios (with 95% CIl) comparing incidence of extrapulmonary tuberculosis (excluding meningeal or
miliary tuberculosis) among vaccinated individuals with that in unvaccinated individuals and VE (with 95% ClI) in the first
10 years of, and after 10 years of, follow-up, and ratio of rate ratios (with 95% CI) after 10 years compared with first 10
years of study

Protection in first 10 years of follow-up  Protection post 10 years of follow-up Waning efficacy measure

Effect of BCG vaccination

Rate ratio (95% CI)  VE (95% ClI) for Rate ratio (95% Cl)  VE (95% CI) for after the first 10 years
for effect of BCG effect of BCG for effect of BCG the effect of BCG compared with the first
vaccination in the vaccination in vaccination after vaccination after 10 years of ratio of the rate
Trial first 10 years the first 10 years 10 years 10 years ratios (95% Cl)
Native American® 0.16 (0.07100.38) 84 (62 to 93) 0.31(0.11100.88) 69 (1210 89) 1.93(0.5107.52)
Georgia/Alabama'™  1.58 (0.261t09.48) 58 (-848t074) 0.53(0.05t05.82) 47 (-482t0 95) 0.33 (0.02 to 6.65)
MRC 0.17(0.09t00.31)  83(69t091) 0.24(0.07100.86) 76 (1410 93) 1.41(0.34105.75)
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S
< 909 0.1
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FIGURE 106 Vaccine efficacy and rate ratios (with 95% CI) comparing the incidence of tuberculosis mortality among
vaccinated individuals with that in unvaccinated individuals, in RCTs, over time.®

TABLE 31 Rate ratios (with 95% CI) comparing the tuberculosis mortality among vaccinated individuals with that in
unvaccinated individuals for the longest duration of follow-up (see Table 3) and VE (with 95% ClI) in first 10 years of
study and after 10 years of study, and ratio of rate ratios (with 95% CI) after 10 years compared with first 10 years
of study

Protection in first 10 years of follow-up Protection post 10 years of follow-up Waning efficacy measure

Effect of BCG vaccination
Rate ratio (95% CI) VE (95% CI) for Rate ratio (95% CI) VE (95% ClI) for after the first 10 years
for effect of BCG effect of BCG for effect of BCG the effect of BCG compared with the first
vaccination in the first  vaccination in the vaccination after vaccination after 10 years of ratio of the rate
Trial 10 years first 10 years 10 years 10 years ratios (95% Cl)
Native 0.11 (0.05t0 0.27) 89 (7310 95) 0.45(0.26t00.77) 55 (2310 74) 3.93 (1.43 10 10.80)

American®
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Observational studies
Pulmonary tuberculosis
One case—control® and one cross-sectional study'”® provided sufficient data to estimate the
duration of protection by BCG vaccination against pulmonary tuberculosis (Figures 107 and
108). No cohort or case population study provided temporal data for this outcome. Both studies
showed evidence of protection against pulmonary tuberculosis during the study follow-up
periods. The Nagpur hospital case-control study®? showed a consistent level of protection beyond
20 years, whereas the Togo children study'”” showed a level of protection varying from high to
moderate from 2 to 7 years following vaccination (see Figure 108).

Temporal changes in efficacy

We examined the changes in effectiveness over time by estimating the ratio of ORs and RRs per
5 years of follow-up. The annual change in ORs per 5 years for Nagpur Hospital®® [OR 1.07 (95%
CI 0.94 to 1.21)] and in RRs for the Togo children cross-sectional study'”” [RR 1.32 (95% CI 0.76
to 2.32)] both suggested a modest evidence of a decline in protection per 5 years.

99 L0.01
S 90 0.1
2 80 -0.
c
EEE 05
g 0 15
© -100 -2
2
§ ~400- -5
S 900+ 10
100
T T T T T T
02 5 10 15 20

Estimated time since vaccination (years)

FIGURE 107 Vaccine effectiveness and ORs (with 95% CI) comparing the BCG vaccination status of pulmonary
tuberculosis cases and control subjects over time in a case—control study.5?
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FIGURE 108 Vaccine effectiveness and RRs (with 95% CI) comparing the prevalence of pulmonary tuberculosis among
BCG vaccinated individuals with that in unvaccinated individuals over time in a cross-sectional study.'”®
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All tuberculosis disease outcomes

Nine case—control studies,’>**°6646>73747677 fiye cohort studies,>'*'2012112 five case population

studies!>15163165167 apd three cross-sectional studies'”>'8*!% provided sufficient data to investigate
the duration of protection afforded by BCG vaccination against all forms of tuberculosis disease
(Figures 109-112). In the majority of studies, there was evidence of protection during the first

5 years of follow-up, whereas the Bangalore children® and Indonesia case-control” studies
showed no evidence of protection at baseline. In most studies, the protection afforded by BCG
vaccination appeared to decline after the first 5 years.

Case-control studies
See Figure 109.

Cohort studies
See Figure 110.

Case population studies
See Figure 111.

Cross-sectional studies
See Figure 112.

Temporal changes in efficacy

Data on the change in effectiveness against all tuberculosis morbidity over time were consistent
for all observational study types. Figures 113-116 display these estimated RRRs per 5 years’
follow-up (and ORs for case-control studies), showing that on average, the protective effect of
BCG vaccination declined over time [summary ratio of ORs for case—control studies 1.59 (95%
CI 1.21 to 2.10)], the summary ratio of rate ratios for cohort studies was 1.47 (95% CI 1.10

to 1.98), RRs for case population was 1.59 (95% CI 1.27 to 1.98) and summary RRs for cross-
sectional studies [RR 1.29 (95% CI 0.78 to 2.12)].

Case-control studies
See Figure 113.

Cohort studies
See Figure 114.

Case population studies
See Figure 115.

Cross-sectional studies
See Figure 116.

Combined meningeal and/or miliary tuberculosis

Figures 117 and 118 show a summary of the ORs, and rate ratios over time for three case—control
studies and one case population study which provided data on the duration of protection by BCG
vaccination against tuberculosis meningitis. No case—control or case population study provided
data for duration for miliary tuberculosis and no cohort or cross-sectional study provided data
for duration for meningeal and/or miliary tuberculosis.

None of the case—control studies provided data to assess duration of protection beyond 10 years.
Although all three studies®*>”* showed evidence of protection against these severe forms of
disease at 2 years, only the Nagpur study® showed a protective effect at 10 years.
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FIGURE 112 Vaccine effectiveness and RRs (with 95% Cl) comparing the prevalence of all tuberculosis morbidity
outcomes among BCG vaccinated individuals with that in unvaccinated individuals for over time in cross-sectional
studies.

Case-control studies
See Figure 117.

Case population studies
See Figure 118.

Figure 119 shows that on average, the protective effect of BCG vaccination against tuberculosis
meningitis declines over time, with a summary ratio of ORs per 5 years’ follow-up 1.23 (95% CI
0.68 to 2.23) for case—control studies, whereas the annual change in RR in the Czechoslovakia
Meningitis case population'®' study was found to be 0.78 (95% CI 0.03 to 21.09) per 5 years’
follow-up.

Extrapulmonary tuberculosis

Only one case—control study* provided sufficient data to estimate the duration of protection

by BCG vaccination against extrapulmonary tuberculosis (Figure 120). This study showed
evidence of protection beyond 20 years after vaccination. The study showed modest evidence of
a decline in protection with an annual change in the OR of 1.07 (95% CI 0.83 to 1.37) per 5-year
follow-up. No cohort, case population or cross-sectional study provided data for duration for
extrapulmonary tuberculosis.
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Case-control studies
Tuberculosis mortality
No observational studies provided data on tuberculosis mortality.

Duration of efficacy after 15 years
Randomised controlled trials
Pulmonary tuberculosis
Six studies>'*?*4%%3 (see Figure 89) provide data on the efficacy of BCG vaccination at and beyond
15 years after vaccination. The Native American study,” with the longest follow-up, showed
evidence consistent with a strong protective effect against pulmonary tuberculosis up to 20 years
after vaccination. None of the other studies showed evidence of a protective effect beyond
15 years.

All tuberculosis disease outcomes

Seven>!*+13284953 of the 10 trials>'*-1>484% providing duration data investigated protection
beyond 15 years (see Figure 98). The Native American trial,’ which provided data on 60 years of
follow-up after vaccination against any tuberculosis morbidity outcome, showed some evidence
of protection beyond 15 years, although this declined to low efficacy levels in later years. The
Puerto Rico Children® trial also provided evidence of some low levels of efficacy remaining
beyond 15 years post vaccination, whereas the other trials did not show evidence of a protective
effect beyond 15 years.

Extrapulmonary tuberculosis

Both the Native American® and Georgia/Alabama® trials investigated the protection afforded by
BCG vaccination against non-meningeal and/or miliary forms of extrapulmonary tuberculosis,
and both indicated that some efficacy remained beyond 15 years of vaccination.

Tuberculosis mortality

Only the Native American study® showed some evidence of BCG vaccination protective effect
against tuberculosis mortality 15 years after vaccination; this protection remained constant up to
25 years of follow-up.

Observational studies

Pulmonary tuberculosis

Only one study, the Nagpur case—control® study, provided evidence of some protection of BCG
vaccination against pulmonary tuberculosis up to and beyond 20 years after vaccination.

All tuberculosis disease outcomes

Of nine case—control studies,?>***66+6573747677 only the Saudi Arabian study” investigated evidence
for protection beyond 15 years, indicating some protection which declines beyond 20 years after
vaccination. Among five cohort studies, the Brazil REVAC® and the French children studies'”
were the only studies that investigated protection against all tuberculosis disease outcomes, with
both studies showing evidence of protection beyond 15 years. The only case population study
(Ireland Survey'®’) investigating the effect of BCG vaccination beyond 15 years did not show a
long-term protective effect. No cross-sectional study provided information on duration of BCG
vaccination protection beyond 15 years.

None of the observation studies provided data on the duration of protection against meningeal
and/or miliary tuberculosis beyond 15 years.
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Extrapulmonary tuberculosis
The Nagpur hospital case—control study®> showed some evidence of BCG vaccination protection

against non-meningeal and/or miliary forms of extrapulmonary tuberculosis beyond 15 years
after vaccination.
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Chapter 5

Discussion

Bacillus Calmette-Guérin vaccination is recommended by the WHO for infants at risk of
tuberculosis and is one of the more widely used vaccines globally. The rationale for this
recommendation is based on systematic reviews showing consistent evidence of protection
against primary progressive forms of tuberculosis, such as miliary tuberculosis and tuberculosis
meningitis.>'® Furthermore, economic analyses suggest that this is a cost-effective intervention,
especially in high tuberculosis burden countries.*

It has long been recognised that the apparent effectiveness of BCG vaccines in protecting against
tuberculosis (particularly pulmonary disease) varies considerably between populations, to an
extent which cannot be attributed to chance alone. Because of this heterogeneity, single pooled
estimates of effect (e.g. Colditz et al.') are inappropriate. Several factors have been suggested as
contributors to the observed variation in effectiveness. These include causal determinants such
as BCG strain,*” genetic differences in immune response, infecting strain of M. tuberculosis, force
of infection, sunlight, nutrition, helminths, non-tuberculous mycobacteria?*?* and indicators
that have been explored in order to make inferences as to the causal determinants (e.g. age at
vaccination or exposure to mycobacteria, latitude, tuberculin screening, socioeconomic factors
or year of study). The extent to which each of these factors might explain variability in the
observed effect of BCG vaccination against tuberculosis has been explored in previous reviews,
but questions still remain over the relative contribution of these several factors and how they
relate to each other.

As the majority of trials and observational studies assessed in this systematic review do not
measure potential causal factors such as human genetics, force of infection, infecting strain

of mycobacteria or non-tuberculous mycobacteria exposure, this discussion is focused on
indicators. The complex relationship between particular indicators (latitude, age at vaccination)
and a potential underlying causative factor (exposure to non-tuberculous mycobacteria) is
explored in detail. The potential role of strains of BCG vaccine is also discussed. Further analysis
of the potential role of other causative factors have been explored in detail in other reviews*”
with the majority of opinion concluding that these factors are not likely explanations for the
observed variation in effect.

It is widely assumed that the BCG vaccination does not protect those already infected with

M. tuberculosis. Several lines of evidence support this view: (1) if antigens of M. tuberculosis
itself are insufficient to induce a protective response in an infected individual, it is unlikely that
related antigens (e.g. of BCG) could induce such a response; (2) there is evidence of increased
tuberculosis incidence over a short period after vaccination in some studies, in particular the
Chingleput trial,® which has been interpreted as the result of BCG vaccination having been
given to individuals already infected with M. tuberculosis; and (3) animal studies found that prior
exposure to M. tuberculosis induced an effective resistance against a subsequent challenge with
M. tuberculosis.**

In addition to summarising overall estimates of efficacy/effectiveness and the duration of
protection from all published studies, as a function of age, latitude, mycobacterial exposure
and BCG strain, this review investigates levels of protection against different clinical forms of
tuberculosis (pulmonary, all sites, extrapulmonary, meningeal and miliary tuberculosis).
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In discussing efficacy (in trials) and effectiveness (in observational studies) we use the following
arbitrary criteria for describing the magnitude of protection: ‘high’ >80%, ‘good’ 60 to 80%,
‘moderate’ 40 to 60%, low’<40% (but significantly >0).

Summary of evidence on efficacy of bacillus Calmette-Guérin vaccination

Pulmonary tuberculosis
The results of all trials taken together show that protection against pulmonary tuberculosis is
variable and is, in general, correlated with latitude (higher away from the equator). Protection
is also higher when the vaccine is given to infants or to school-age children, with stringent
exclusion of those with previous sensitisation to PPD (normally assumed to reflect previous
tuberculosis infection) but lower when administered at older ages.

Observational studies also contribute evidence on the effect of BCG vaccination against
pulmonary tuberculosis. However, owing to poor reporting of site of disease and study
limitations, the best evidence is provided by trials. Although few case—control studies were
considered suitable for inclusion in this review, their results were consistent with the observation
of the effect of latitude and age at vaccination on the protective effect of BCG vaccination as

seen in trials. We included only cohort studies that had stringent exclusion of those sensitised to
tuberculin. Among all included cohort studies, there was evidence of good protection by BCG
vaccination against pulmonary tuberculosis. Greater protection was found at higher latitude,
where BCG vaccination was given to infants and in studies that used a retrospective design.

Extrapulmonary (excluding meningeal and miliary tuberculosis)
Although numbers of cases are in general too small to provide strong evidence, the results of
trials suggest that BCG vaccination protection against extrapulmonary tuberculosis (excluding
meningeal and miliary tuberculosis) was similar to that against pulmonary disease. It also
varied by latitude, age at vaccination and stringency of exclusion on the basis of prior tuberculin
sensitivity. The results of individual trials suggest that protection has been high when BCG
vaccination was given in infancy or to school-age children following stringent exclusion for prior
tuberculosis infection.

Meningeal and miliary tuberculosis
Although there were small numbers of cases of meningeal and miliary tuberculosis in trials,
all but one trial indicated a protective effect of BCG vaccination against meningeal and miliary
tuberculosis. Among case-control studies, good protection was observed against meningeal and
miliary tuberculosis with no statistical evidence of variation by latitude or by age at vaccination.
Similarly, cohort studies showed evidence of good to high protection, which did not vary by
latitude or age at vaccination. Although the level of protection was uniformly high for cohort
studies, retrospective studies found a slightly lower, but still good, protective effect.

All tuberculosis morbidity outcomes
Many of the trials and cohort studies reported only overall tuberculosis outcomes and not
results for specific sites of disease. As expected, the observed effect of BCG vaccination on all
tuberculosis outcomes was consistent with those on pulmonary and extrapulmonary disease.

Mortality
Very few studies assessing the effect of BCG vaccination met our inclusion criteria. Of included
studies, moderate-to-good levels of protection against mortality were observed from both trials
and observational studies.
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Bacillus Calmette-Guérin strain
Our analysis found that the protective effect of BCG vaccination did not differ by the strain of
BCG vaccine used in trials. Further details are provided in the section ‘Strain of Mycobacterium
bovis bacillus Calmette-Guérin in vaccines, below.

Summary of evidence on duration of protection

We found good evidence from trials and observational studies that BCG vaccination protects
against pulmonary and extrapulmonary tuberculosis for up to 10 years, and in two trials (Puerto
Rico' and Native American trials®) beyond 10 years, with one trial (Native American®) providing
evidence for protective efficacy of up to 52% for all tuberculosis outcomes beyond 15 years.

The strength of protection appears to decline with time. Most studies either did not follow up
participants for long enough to detect change over time or else have very few cases after 15 years.
The absence of evidence from the majority of trials can therefore not be taken as an absence of
effect. Similarly, just a few observational studies provide evidence of long protection: two case-
control studies (Saudi Arabia® and Nagpur in India’””) and two cohort studies (French Children®
and Brazil Revaccination'”) found evidence of protection against all tuberculosis disease after

15 years of 20%, 50% and 50%, 40%, respectively. The protective effect found in the observational
studies and the North American Indian trial® requires further confirmation.

There is some variation in the rate of decline with time in trials and observational studies. The
number of trials with information to enable investigation of the reason behind the decline was
small, but the pattern was similar. The rate of decline was greater in studies further away from the
equator, in trials conducted among infants, and with the highest level of stringency in exclusion
of tuberculin positives. Too few observational studies reported on duration of protection to
contribute to the explanation for the variation in the rate of decline.

Efficacy and duration of protection
In summary, this review found that in situations in which BCG vaccination was given only to
either infants or to children after stringent exclusion of tuberculin positives, there was evidence
of a good protective effect with limited variation by form of disease (although magnitude of
protection appeared to be consistently higher for meningeal and miliary tuberculosis than
other forms of disease) or study design. Efficacy also seems to vary by latitude, but there were
not enough studies to disentangle the effects of prior tuberculin sensitivity, age at vaccination
and latitude. Efficacy declined with time, but in five studies there was measurable protection at
beyond 15 years after vaccination. The rate of decline varied between populations and studies,
and although these trends failed to reach statistical significance, the pattern of decline was
consistent with faster decline in latitudes further from the equator and in situations where
BCG vaccination was given only to either infants or to children after strict screening for
tuberculin sensitivity.

Interpreting the heterogeneity in protection offered by bacillus
Calmette-Guérin vaccination

The heterogeneity in protection by BCG vaccination is too large to be explained by chance, as
assessed by the tau-squared statistical measure used in this report. Our review of the global
literature shows that three factors were particularly associated with the differences in magnitude
of protection: age (higher protection when BCG vaccination given in infancy rather than at older
ages); stringency of exclusion criteria based on tuberculin testing (higher protection when the
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exclusion was stringent); and latitude (higher protection at higher latitudes, i.e. further from

the equator). As has been pointed out in the past, each of these observations is consistent with

a hypothesis that BCG vaccination is more effective in an immunologically naive individual or
population than in individuals or populations sensitised to mycobacterial antigens. Infants are
less likely than older individuals to have been exposed to mycobacteria, stringent exclusion of
tuberculin-sensitive individuals ensures that participants are immunologically naive, and there is
evidence that environmental mycobacteria are less prevalent further away from the equator.

The hypothesis that exposure to non-tuberculous mycobacterial antigens could influence the
observed effectiveness of BCG vaccination was first articulated during the 1960s, by Palmer et
al.,*® to explain the striking difference between the low protection observed in trials carried
out in southern USA compared with the high protection observed in trials carried out in the
UK (it was found that populations in southern USA, where the trials were carried out, have a
high prevalence of sensitivity to M. intracellulare and other environmental mycobacteria). The
hypothesis has been supported by extensive animal and human population studies over the past
50 yea.1.5.23,206,210

We point out below how the observations in this global review are consistent with this
hypothesis, and use these data to explore subsidiary mechanistic hypothesis: whether the
influence of environmental mycobacteria is mediated through ‘blocking’ the effect of BCG
vaccination (i.e. prior sensitivity somehow prevents BCG vaccination from inducing an
appropriate immune response) or ‘masking’ the effect of BCG vaccination (i.e. exposure to
environmental mycobacteria before or after BCG vaccination induces an immune response
similar to that induced by BCG vaccination, and against which BCG vaccination can add little).2"!

Why higher protection when bacillus Calmette-Guérin vaccination is given

at birth or at school age with stringent sensitivity testing?
Stringent tuberculin sensitivity testing permits the identification of children sensitised by
mycobacteria (either tuberculous or non-tuberculous). Children vaccinated in the first year of life
are unlikely to have been infected by mycobacteria (either tuberculous or non-tuberculous). Our
results appear to suggest that the BCG vaccination will be protective to any child or young adult
who is not sensitised (i.e. as long as there is exclusion of tuberculin-sensitive children). Although
many trials and cohort studies did undertake tuberculin skin testing, there was considerable
variation in the concentration of PPD used and of the cut-off point considered for exclusion. Our
criterion of ‘stringent’ testing, which is based on two-stage testing with retesting of initial non-
reactors with a stronger dose of tuberculin, should exclude children previously sensitised with M.
tuberculosis. It is, nevertheless, possible that the criteria to declare a person previously infected
have not always been sensitive enough.

Our stringent criteria should also exclude children previously sensitised with most species

of non-tuberculous (sometimes called ‘environmental’ or ‘atypical’) mycobacteria. Evidence
from a variety of approaches supports the role of exposure to non-tuberculous mycobacteria in
explaining the observed variation in protection. First, animal studies show less protection by
BCG vaccination in guinea pigs previously exposed to non-tuberculous mycobacteria.””® Second,
there is likely to be differential exposure to non-tuberculous mycobacteria in different settings,
and this would explain the latitude gradient in protection.?**'"*'? Third, follow-up of more than 1
million US naval personnel showed that tuberculosis incidence was lowest in the group who were
sensitive to M. intracellulare or M. gaussi antigens, but not to M. tuberculosis antigens.?"° Fourth,
several studies have shown a J-shaped relationship between tuberculin reactivity and subsequent
risk of tuberculosis, with lowest risk among individuals with low (around 5mm) levels of
tuberculin reactivity, an observation which has been interpreted as evidence that individuals
with some non-specific mycobacterial sensitivity are at lowest risk of tuberculosis. Finally, data
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from randomised controlled studies in the UK and Malawi, comparing the whole-blood PPD
and delayed-type hypersensitivity response to PPD before and after BCG vaccination in infants,
suggest that differential sensitisation due to exposure to environmental mycobacteria is the most
important determinant of the observed differences in immunogenicity*? (although the study
did not explore differences on actual protection). It is important to note that the immunological
response induced by different mycobacteria is likely to differ.?*

Prior sensitisation to mycobacteria and non-tuberculous mycobacteria provides an explanation
for the lack of protective effect observed in the Chingleput study,”® where the majority of cases of
active tuberculosis arose among tuberculin-sensitive adults.

This review has found consistent evidence of protection when BCG vaccination is given to infants
and to school-age children with stringent sensitivity testing. The issue of infant vaccination
overlaps with previous tuberculin sensitivity as, by definition, most infants would not be
tuberculin skin test positive. The data were less consistent for the effect of BCG vaccination given
at other ages and/or all age groups. Nevertheless, the observation that BCG vaccination, when
given in infancy and school age, was protective against pulmonary tuberculosis calls for further
research into what is the optimum stringency of tuberculin skin testing to identify adults who
will be protected by BCG vaccination in these other age groups.

Taken together, these observations suggest that BCG vaccination works well, even against
pulmonary disease, as well as in adolescents, as long as they are not sensitised to mycobacteria
(tuberculous or non-tuberculous mycobacteria) prior to BCG vaccination. Prior sensitisation, at
least in part, explains the variable reduction in protective efficacy against pulmonary tuberculosis.

Latitude: is this the same effect as that of age and stringency?
The findings of this review confirm that the latitude of the study explains a substantial element
of the observed heterogeneity in protection against pulmonary disease irrespective of study type.
The observation in this review that studies conducted at latitudes closer to the equator show
lower levels of protection than studies conducted at more distant latitudes (mainly northern
locations presumably with lower exposure to non-tuberculous mycobacteria) is also consistent
with the explanation that exposure to non-tuberculous mycobacteria may explain at least a part
of the differences between studies. We did not have a sufficient number of studies to separate the
effect of age at vaccination/prior sensitisation from that of study latitude.

Blocking compared with masking
Two non-mutually exclusive hypotheses potentially explain the effect of exposure to tuberculous
and non-tuberculous mycobacteria on the observed effect of BCG vaccination. First, previous
exposure to mycobacteria might lead to lower efficacy (blocking) because the study population
is already sensitised to mycobacteria, and this somehow hampers BCG vaccination from causing
immunity. In a sense, this is an extension of the assumption that BCG vaccination does not
protect those already infected with M. tuberculosis, but extends it to those already sensitised
with either M. tuberculosis or various species of non-tuberculous mycobacteria, and thus there
is a need for stringent criteria to define sensitisation. For blocking, exposure to mycobacteria
after vaccination is irrelevant. Our data suggest that blocking may be an important determinant
behind the variation in protection against pulmonary disease.

The second proposed mechanism, masking, proposes that exposure to mycobacteria provides
protection, and continuing exposure following vaccination leads to a gradual reduction in

the observed effect of BCG vaccination through increased protection caused by exposure to
mycobacteria of unvaccinated participants (masking). The exact mechanism is likely to vary
depending on the kind of mycobacteria (and other microbes that share antigens with them) and
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exposure levels (doses, routes) that all differ greatly between populations. Heterologous exposure/
sensitisation is unlikely to be a simple all-or-none affair. An important consideration is whether
or not the protection imparted by such heterologous exposure works by similar mechanisms/
pathways as BCG vaccination does.”** We will return to masking when discussing reduction in
efficacy with time.

Strain of Mycobacterium bovis bacillus Calmette-Guérin in vaccines
Several previous reports have attributed variation in the results of trials to genetic differences in
BCG vaccines. Two studies®>*'¢ reported differences in the effect of two different strains of BCG
(Paris and Glaxo vaccines), albeit in different directions. Others have argued that manufacturers
may have selected strains over time to lower adverse effects, thereby inadvertently selecting less
effective strains, although the latitude of the location of the evaluation studies largely explains the
observed differences.

It has long been known that the there are genetic differences between BCG vaccines.?”” Behr and
Small*” showed, using restriction fragment length polymorphism typing, that BCG strains have
undergone evolution since 1921. For example, the region of difference 2 (RD2) marker is absent
in strains derived after 1925 (i.e. in Pasteur-1173 P2, Copenhagen-1331 and Glaxo-1077) and
present in derivatives of the earlier Pasteur BCG strains (i.e. Brazilian/Moreau strain, Tokyo-172
and Russian substrains), and all strains of BCG lack region of difference 1 (RD1) genes. However,
Kozak and Behr?" have shown, using animal models, that the loss of RD2 in vaccine strains
lowered immunogenicity but not protection against pulmonary tuberculosis. Another study
compared the whole genomes of 13 BCG strains and found six large sequence polymorphisms
affecting genes that encode known virulence factors.*'* More recently, Brosch et al.*! used genome
sequencing to postulate that ‘early’ BCG vaccines (those derived before 1930 or 1940) may be
superior to more recent and widely used variants.* They identified tandem duplications, known
as DU1 and DU2, which differ between BCG strains. Only BCG Pasteur contains a copy of DU1,
whereas other strains include variants of DU1, with older strains (e.g. BCG Russia, Moreau and
Japan) having DU2-I. Newer strains, such as BCG Danish/Prague and BCG Tice/Phipps, include
DU2-IIT and DU2-IV variants, respectively. The hypothesis proposed is that repeated passage
has led to the loss of immunogenicity in the newer strains of BCG. The analysis presented by
Brosch et al.*! supports the view that genetic differences may explain the observed variation in
protection, although data were presented only to support differences in gene expression levels
and immunogenicity. Furthermore, Brosch et al.*! postulate that, after 1925, the strain initially
distributed (such as BCG Japan) was replaced by another derivative that is possibly less virulent
or reactogenic. As none of the trials was conducted with this earlier strain, the variation in
protection observed is not related to the original replacement. Indeed, another study, which used
a guinea pig model to compare early strain BCG Japanese and evolutionarily late strains, such as
those in DU2 group III (BCG Danish and Glaxo) and group IV (BCG Connaught, Pasteur, and
Tice), found no significant difference in protection against M. tuberculosis challenge.?*

Our review fails to find evidence that BCG strain is a significant contributor to variation.
Furthermore, the distribution of efficacy estimates from trials was not correlated with specific
types/groups of vaccines determined using the evolutionary tree postulated by Brosch et al.*!
Our result supports a previous systematic review, which reached the view that strain variation
is not behind the variation in protection against pulmonary disease.'” Further support for our
conclusion can be found in the UK MRC trial," which found equivalent protection from the
Copenhagen strain of BCG and an Mycobacterium microti-derived vaccine (vole bacillus).”!

The Chingleput study

Throughout this report, the results of the Chingleput study® have stood out in comparison
with the other trials. The reasons for the observed increase in tuberculosis among vaccinated
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compared with unvaccinated individuals during the first few years after vaccination have been
explored in detail in previous reports.” In brief, the majority of cases during this period occurred
in tuberculin-sensitive adults suggesting an abnormal reaction to BCG vaccination. The data
from this study suggest a complex interaction of age and time effects. Further analysis of data
from the Chingleput study®, restricted to those with a tuberculin skin reaction of <8 mm,
suggested that BCG vaccination did provide protection to children of <15 years of age, but no
protection for subjects > 15 years old, and may even have imparted negative protection among
these older individuals.??!

Summing up the evidence for variation
It is likely that more than one factor plays a role in explaining the observed differences. Meta-
regression analysis indicates that latitude and age at vaccination are the key factors that explain
the observed variation in effect between studies. Studies conducted in latitudes further away from
the equator and/or where the vaccine was given to naive individuals (either infants or children
who had stringent tuberculin sensitivity testing prior to enrolment) were therefore most likely to
detect an appreciable protective effect.

Duration

Why lower (or even negative) protection in the first 5 years after bacillus

Calmette-Guérin vaccination in some trials?
There is evidence that BCG vaccination is not protective when given to children already infected
with M. tuberculosis. Our results suggest that in trials of subjects of all ages, without stringent
sensitivity testing, there is an increase in rates of active tuberculosis in the first 5 years, and
excluding the first years of each study leads to a greater protective efficacy, which supports this
hypothesis.” In particular, a review by Fine? explores the reasons for the harm observed in the
first 5 years of the Chingleput study.?® The majority of cases of active tuberculosis arose among
tuberculin-sensitive adults. Indeed, further analysis suggests that BCG vaccination might have
been protective in tuberculin skin test-negative children.?>?*!

How long can bacillus Calmette-Guérin vaccination protect?
This review provides the most comprehensive analysis to date of studies on the duration of
protection by BCG vaccination. This, in part, has informed cost-eftectiveness analysis underlying
vaccination policy [National Institute for Health and Care Excellence (NICE)].

Previous systematic reviews”? have noted the absence of evidence of any protection by BCG
vaccination beyond 15 years after vaccination, based on a limited number of studies. The

failure to observe longer-term protection in trials may be related to small numbers as the study
population ages, including overall small numbers in the intervention and control groups as well
as declining number of individuals who might be exposed to tuberculosis; coincidental fall in
tuberculosis incidence in many countries, leading to a lower probability of subsequent exposure;
or perhaps because protection is mainly against primary progressive disease and not against
reactivation at a later age.

As further data accumulate, mainly from observational studies but also from trials, evidence is
emerging showing that BCG vaccination protection can last for much longer periods. A question
therefore exists about what might be behind the loss of protection with time.

Reasons behind the loss of protection with time
There is consistent evidence of a decline in protection from all study designs examined and across
disease outcome types. Decreasing protection with time may reflect true deterioration due to

© Queen’s Printer and Controller of HMSO 2013. This work was produced by Abubakar et al. under the terms of a commissioning contract issued by the Secretary of State for Health. This issue may be freely
reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that suitable acknowledgement is made and the reproduction is
not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating
Centre, Alpha House, University of Southampton Science Park, Southampton SO16 7NS, UK.



182

a waning immune memory or it may arise from exposure to mycobacteria giving protection to
the unvaccinated subjects such that, with time, the ‘apparent’ protection measured by comparing
vaccinated and unvaccinated subjects decreases (‘masking’).

There were too few studies examining duration of protection for the majority of tuberculosis
outcomes reviewed here to investigate the factors associated with the apparent variation in
effect. Trials examining all tuberculosis outcomes provided the largest group of studies. Meta-
regression analysis of the characteristics of these trials suggests that latitude and the composite
variable ‘age at vaccination and/or prior tuberculin skin testing’ explained the majority of the
observed variation.

The waning in protective effect against pulmonary disease was more marked when BCG
vaccination was given to individuals not previously sensitised, which could reflect a progressive
erosion of the naiveté of the vaccinated and unvaccinated populations over time due to exposure
to mycobacteria. Although not explicitly proven with measurements of tuberculin sensitivity

in the studies described in this report, the observed effects of latitude, tuberculin sensitivity
screening and age at vaccination on the effectiveness of BCG vaccination leads us to this
conclusion. This is consistent with the masking mechanism. The waning was more marked away
from the equator, where the prevalence of non-tuberculous mycobacteria is presumed to be
lower. However, this is at least in part explained by the lower initial efficacy observed in trials
closer to the equator.

Strengths and limitations of the review

Limited number of trials and studies
Although we reviewed 132 studies, and we identified a clear pattern behind the variation in
protection against pulmonary disease, we did not have enough studies with sufficient data
to explore separately the effect of exclusion of sensitised subjects (by neonatal vaccination or
stringent tuberculin sensitivity testing) and the effect of latitude. The small number of studies in
each study design limited the usefulness of the evidence they provided.

Comprehensive search but many trials/studies had limited information

about sensitivity testing, selection of control subjects and case definition
We undertook a comprehensive search of the literature and screened a large number of papers
with no language restrictions, therefore reducing the probability of bias. Nevertheless, it is
possible that we have missed some studies. In addition, due to views about the efficacy of BCG
vaccination based on the results of trials in the UK, it is possible that studies with a negative effect
have had a lower probability of being submitted or published in Europe. In the USA, where BCG
vaccination has not been recommended owing to the negative results of trials, there might be a
publication bias favouring negative studies. This is unlikely to be a major factor, but we have not
formally tested for publication bias.

Although we reviewed a large number of studies, many were quite old and published before a
clear understanding of comprehensive reporting or format of reporting were agreed. Many of the
studies do not report information now recognised to be important (e.g. concentration of the PPD
used, or cut-off point used to define a positive TST) and this limited the usefulness of the data
they provided for analysis of the reasons behind variation of protection, or variation in the rate of
decline of protection. This was regrettable, as analysis of the trials and observational studies that
did provide that information suggests that this alone, or maybe in conjunction with latitude, may
explain the majority of the variation of BCG vaccination protection.
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For all objectives, insufficient data points limited our ability to undertake important subgroup
analyses, for example on protection in HIV-infected populations, which are an increasingly
important global concern.

Study design/quality
Owing to the limited number of trials available, we included evidence from observational studies
in several areas. This was mainly important for meningeal and miliary tuberculosis, as these
outcomes are relatively rare and thus uncommon in trials but were reported in case-control
studies. Although we have used meta-regression analysis to attempt to explain the observed
variation in the effect of BCG vaccination, it is important to acknowledge that meta-regression,
especially of observational studies, is still subject to the underlying biases affecting each study
design. Furthermore, meta-regression is akin to an ecological analysis treating each study as the
unit of observation. Nevertheless, this approach has allowed us, for the first time, to explore the
effects of numerous factors and adjust for the relative effect of other variables in the same model.

Randomised controlled trials provide the best evidence for the effectiveness of any intervention.
Unfortunately, data from trials investigating BCG vaccination efficacy are limited largely by the
fact that most were conducted decades prior to the development of robust standard methods for
RCTs. Therefore, it is not surprising that they are subject to several potential biases, and some
failed to report essential information, for example on the strength of PPD used for tuberculin
sensitivity testing. Nevertheless, the data reviewed provide good trial-based evidence of efficacy
against miliary tuberculosis, tuberculous meningitis, pulmonary tuberculosis and mortality. The
data from observational studies are also consistent with a protection by BCG vaccination against
forms of disease. Retrospective cohort studies appear to show a greater protective effect than
prospective studies for some outcomes (e.g. pulmonary tuberculosis), although both types of
studies were associated with a beneficial effect.

A previous appraisal by Clemens et al.* provided a framework for our assessment of trial quality.
Following careful consideration, we abstracted the quality criteria outlined in this review but a
priori selected one criterion - blinding of study staff who assessed outcome on BCG vaccination
status or the use of active surveillance - to inform our judgement about quality in the statistical
models. Based on these criteria, which we described as diagnostic detection bias, studies with a
lower risk of bias had a more significant protective effect compared with those with a higher risk
of bias. This is contrary to the usual pattern in which biased studies are generally associated with
an exaggeration of effect size.

Although we provided the duration of each trial and how protection varied during the
follow-up, in our analysis of the reasons for variation in protective efficacy between studies, we
used the average protection over the duration of follow-up and did not include study duration
as a covariate. This, inappropriately, averages the effect size over different durations, likely
underestimating efficacy as protection declines with time. Nevertheless, the identification of the
same covariates as the main drivers of variation in the analysis of protection duration suggests
that the analysis of effectiveness is valid.

Our interpretation

From this meta-analysis, of the alternative explanations for variations in BCG vaccination
protection, we have concluded that BCG strain is not relevant. We did not, however, explore
human genetic differences, genotypic differences between infecting mycobacteria or a variety
of other explanations proposed for the variation in protection by latitude, such as differences
in exposure to UV light (owing to its mycobacterial killing effect), levels of vitamin D,
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helminthic infestation and the effect of poor nutrition on immune response. Previous reviews
have concluded that these factors are less plausible explanations for the observed variation

in protection.?”” Furthermore, although this review did not set out to confirm or refute these

potential explanations, our comprehensive search of the literature found no evidence to support
any of these, whereas the combination of age at vaccination, stringency of testing and latitude
explained a large proportion of the variation. Previous reviews did not explore stringency of
tuberculin skin testing in detail.

It is likely that more than one factor plays a role in explaining the observed differences. We
carried out meta-regression analysis on the data available, which was limited, from many studies.
With all its limitations, the analysis demonstrated that young age at BCG vaccination, with
stringent testing and exclusion, provides consistently high protection even for pulmonary disease,
and that variations in age at vaccination, stringency of tuberculin skin testing and latitude are

the key factors explaining most of the variation in the observed effectiveness of BCG vaccination
between studies.

Studies conducted at latitudes closer to the equator and/or those with less stringent tuberculin
sensitivity testing prior to enrolment were therefore likely to have failed to detect a significant
protective effect due to the effect of prior infection with M. tuberculosis or non-tuberculous
mycobacteria. This failure to detect an effect is not necessarily a failure of the study design,

as vaccines are known not to provide protection under certain circumstances. Prior infection
may block BCG vaccination by the induction of an ineffective immune response that impairs
induction of an adequate immune response after subsequent BCG vaccination.

When examining duration of protection we present additional evidence that BCG vaccination
can provide longer duration than previously described. While there is clear evidence of variation
in the waning in protection, factors that might explain the observed variation in the rate of
decline are less clear (there are not enough studies to provide strong evidence but there is some
suggestion that waning is faster in studies where initial protection was higher, and that the same
factors associated with high protection are associated with fast waning). However, it is worth
acknowledging that a decline is more likely where the initial level of protection is high because
there is less room for a decline in settings where there is no protection in the first place. The
number of studies with sufficient data both on eflicacy at different time periods and stringency of
testing, however, is limited; thus the evidence is only suggestive.
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Chapter 6

Conclusions

Summary

This review extends the evidence from clinical trials and observational studies that BCG
vaccines provide protection against tuberculosis. The apparent effectiveness of BCG vaccines in
protecting against tuberculosis varies considerably between populations, to an extent that cannot
be attributed to chance alone. Latitude, age at which the vaccine was given and pre-vaccination
tuberculin sensitivity status were the factors that explained most of the observed variation. There
was no evidence that other factors, such as BCG vaccine strain, explain the observed variation.
BCG vaccination appears to work best when given to naive individuals, and these individuals are
compared with naive unvaccinated individuals.

Our results suggest that there is good evidence that BCG vaccination protects against pulmonary
and extrapulmonary tuberculosis for up to 10 years. The strength of protection appears to decline
with time. Data on protection beyond 15 years are limited. Most studies either do not follow

up participants for long enough, or have very few cases after 10 years. The only trial which has
now followed up participants for several decades suggests that BCG vaccination may protect
against tuberculosis beyond 15 years.” The absence of evidence from the majority of trials should
therefore not be taken as an absence of effect.

Recommendations for research

This review provides a comprehensive and up-to-date summary of evidence on the duration of
protection by BCG vaccination, and identifies the fundamental dependency of BCG vaccination
efficacy on tuberculin sensitivity at vaccination. While this review does not address all pending
issues about BCG vaccination, it does permit the rephrasing some of the old controversies
regarding why protection from BCG vaccine varies in terms of tuberculin sensitivity status before
BCG vaccination, using stringent criteria.

For bacillus Calmette-Guérin research

1. Further research into the duration of protection conferred by BCG vaccination would be
useful to inform future vaccination policy. We would recommend a case—control study
taking into account PPD status of participants at vaccination, as this approach is likely to be
cheaper and provide results in the least amount of time.

2. Further research into the effectiveness of BCG vaccination in those > 35 years of age should
be carried out.

3. Studies should investigate the role of stringent tuberculin skin testing in the protective effect
of BCG vaccination.

4. The issues of whether BCG vaccination protects individuals from acquiring tuberculosis
infection and its role in preventing tuberculosis arising from reactivation and re-infection are
also areas where there is a need for further knowledge. Our understanding of BCG vaccines
and the global effort to develop new vaccines will be enhanced by greater clarity on these
aspects of tuberculosis pathogenesis.
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. Although the effect of repeated BCG vaccination appears to be limited,***?* given the
variation in the effect of the first dose of BCG vaccine, replication of these findings in other
settings will be useful. This is supported by the variable results demonstrated in observational

224 a5 well as

studies (albeit of poor quality) from Eastern Europe''**** and Venezuela,
data from the effect of BCG revaccination on leprosy.*** The fact that BCG revaccination

did enhance protection against leprosy, although not against tuberculosis, in Malawi
indicates that, under some circumstances, a second BCG vaccination can have a beneficial
immunological effect, although it may not be sufficient to enhance observable protection
against tuberculosis.** Ideally, replication of the Brazil REVAC® study in other settings to see
whether similar or different results would be obtained in different environments may also

be beneficial.

There is some recent evidence, based on a positive interferon-gamma release assay as a

proxy for latent tuberculosis infection, that suggests that BCG vaccination may protect
against tuberculosis infection.”®* One study,**® however, found no protective effect of

BCG vaccination against infection in a school outbreak. If further work confirms that BCG
vaccination can protect against infection, at least under some circumstances, this may
explain the observation in this review that BCG vaccination provides a beneficial effect
against both pulmonary and extrapulmonary tuberculosis. This review did not specifically
examine the evidence for protection against M. tuberculosis infection.

A recent study also suggested that previous BCG vaccination (as determined by a scar)

may improve sputum conversion rates after 2 months of treatment.?” If this is confirmed in
subsequent studies, it may imply a form of protective immunity that potentially influences
the clinical course, even in those who succumb to tuberculosis disease.

Our analysis shows that BCG vaccination given to adults may provide some protection which
is important in the era of HIV infection and multidrug resistance; however, data are limited.
Further research on this subject, perhaps using occupational health cohorts or a case-control
study, may shed more light and inform future policy.

For new vaccines against tuberculosis

1.

Given the limited protection conferred by BCG vaccination against post primary adult
pulmonary disease, new tuberculosis vaccines against these forms of disease are of

high priority.

BCG vaccination appears to offer little or no protection to those previously infected with M.
tuberculosis. Vaccines that are effective in this group (‘post-exposure vaccines’) should be a
priority for research. Among the problems is the appropriateness of animal models for the
assessment of vaccine effects against reactivation disease.

. Future studies need to take into account the observation from this review that prior

tuberculin sensitivity is a key determinant of whether a trial shows significant evidence of
protection by BCG vaccination. This is particularly pertinent as most trials of new vaccines
will be undertaken in high tuberculosis incidence countries that also have a high burden of
non-tuberculous mycobacterial infection.

Investigating the mechanism behind the failure of BCG vaccination to protect previous
sensitised individuals will provide useful information for the development of new vaccines
against tuberculosis. This should be assessed for different non-tuberculous mycobacteria,
prior BCG vaccination and tuberculosis exposure.

Future research should also investigate whether the efficacy of new vaccines differ depending
on the predominant strain of M. tuberculosis circulating in the population, as well as the
interaction between the predominant circulating strains of M. tuberculosis and human
genetic polymorphisms that affect susceptibility to tuberculosis. There is also a need for
studies in HIV-infected individuals.
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For further research to inform UK vaccination programme
With regard to duration of protection from BCG vaccination, this review confirmed previous
observations that BCG vaccination protects against tuberculosis for at least 10 years. There
is also some evidence that BCG vaccination might protect beyond 15 years after vaccination.
Unfortunately, this was observed in a limited number of studies owing to the lack of long-term
follow-up or dwindling of the number of participants, as well as secular downward trends in
tuberculosis incidence in the populations where the studies were undertaken. In the UK, a
substantial part of the programme is aimed at protecting children against severe (miliary and
meningeal) tuberculosis and so infants in high-risk groups are vaccinated. However, most
tuberculosis occurs in adults. Further research is therefore needed to update estimates of
duration of protection and to inform sensitivity criteria in the cost-effectiveness analysis of BCG
vaccination policy.

Questions remain about the effect of BCG vaccination among adults > 35 years of age. Only two
trials provide data on the efficacy of BCG vaccination in adults > 35 years of age (Madanapalle®
and Chingleput®®), both showing no significant protective effect, in two populations very different
from the UK population. This issue is important because national guidelines currently limit the
use of BCG vaccination to < 35 years of age, except in certain occupational groups. The limited
evidence from this review showing a protective effect against pulmonary tuberculosis, if given to
immunologically naive individuals, has implications for the vaccination of older individuals.

The most important consideration internationally is whether BCG vaccination protects
against adult pulmonary disease. This review shows evidence of protection against pulmonary
tuberculosis under certain conditions, although with considerable variation between different
studies and limited data on protection in adults.

Implications for UK vaccination programme and practice
In addition to the research recommendations outlined above, further work is required:

m  The economic analysis to inform the tuberculosis incidence threshold at which universal
BCG vaccination becomes cost-effective should be re-examined if further evidence emerges
that BCG vaccination protects for longer than 15 years.

m  Outline whether all individuals should be tested to identify those likely to benefit from BCG
vaccination, especially with the increased use of interferon-gamma release assays for contact
investigation. To date, the rationale for tuberculin sensitivity testing prior to giving BCG
vaccinations in the UK has been phrased largely with reference to concerns about increased
local reactions when giving BCG vaccinations to already sensitised individuals.
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