
Present knowledge of immunization against
tuberculosis
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This is a selective review, which, after recalling some immunological aspects, analyses
the present knowledge on the protective efficacy of BCG vaccination, the vaccination
reactions and complications that may be observed, and current methods of vaccine pro-
duction and control. As regards the application of BCG vaccination, particular attention
is given to dosage and vaccination techniques, direct and simultaneous vaccination, and
revaccination. Finally, the evaluation ofBCG vaccination programmes is briefly discussed.

IMMUNOLOGICAL ASPECTS

The rationale for vaccination against tuberculosis
At the beginning of this century it was commonly

observed that the vast majority of people became
infected with tubercle bacilli. Furthermore, it was
noticed (see 72) that only a relatively small pro-
portion developed clinically manifest disease; most
of those infected did not- on the contrary, they
seemed to have acquired a certain resistance against
developing disease upon reinfection with virulent
tubercle bacilli, which was frequent at that time.

This observation, confirmed by experiments in
animals and by the immunological principles ascer-
tained in other infectious diseases, led to the hypo-
theses that: (a) primary infection is capable to some
extent of preventing subsequent infections from
developing into clinical disease; and (b) artificial
primary infection could have the same effect, but
since virulent tubercle bacilli are potentially harmful
they should be replaced by antigenically related
mycobacteria that are not pathogenic for man.

This was the principal idea behind Calmette's
selection of a strain of Mycobacterium bovis that
during many years of serial culturing (231 passages)
had gradually lost its pathogenicity in animals and
had been shown not to revert to it. Calmette &
Guerin considered this strain a " virus fixe ". Over
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the following decades research showed that the
strain indeed never reverted to pathogenicity. On the
contrary, it was shown that in many laboratories,
upon subculturing, the strain became further atten-
uated. This, as will be seen below, has caused cer-
tain problems in the preparation of BCG vaccine.
At this point it may be appropriate to note an

entirely contrary hypothesis that was widely pro-
moted, particularly in the United States of America.
The leading idea of this hypothesis was that, in
persons who are sensitized to tuberculoprotein, re-
infection leads to progressive " adult " type tubercu-
losis. Meyers (61) postulated that: " Tubercle bacilli
of reinfection are likely to result in clinical disease
because their invasion occurs on allergic tissues.
Before allergy appears, tuberculoprotein is inno-
cuous to cells and tissues. With the appearance of
allergy, however, it becomes a violent poison and
thus may kill cells and tissues with which it comes
into contact. Obviously, therefore, both in animals
and humans the defence mechanisms operates more
effectively against initial invasions than against those
which later occur in allergic tissue. To produce
allergy artificially even with dead tubercle bacilli can
be a dangerous procedure for many persons".

This hypothesis obviously has not stood the test.
In all controlled clinical trials (see Table 1) BCG vac-
cination was shown to be harmless, and in most
trials it appeared to protect against tuberculosis and
sensitize against tuberculin. The protective effect,
moreover, was shown in many animal studies. From
extensive practical experience BCG vaccination is
considered now to be one of the safest vaccinations in
man. A further indication that sensitization is not
harmful comes from the observations that sensitiz-
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ation by mycobacteria other than M. tuberculosis,
which appears to be highly prevalent in most tropical
countries, is not dangerous but, on the contrary,
seems to be associated with a protective effect against
tuberculosis (64, 65).

Delayed hypersensitivity
The immune mechanism in tuberculosis has re-

mained obscure for a long time. Especially contro-
versial has been the role of delayed hypersensitivity
in the mechanism of acquired resistance. Partly on
theoretical grounds and partly for practical pur-
poses, numerous research workers have explored the
possibility of producing an antituberculosis vaccine
that induces no delayed hypersensitivity, or at least
no tuberculin sensitivity. Many encouraging findings
have been published over the years, most recently
by Youmans & Youmans (92) and Crowle (15), but
such results have tended to remain unconfirmed in
test systems other than those chosen by the authors,
possibly because, as suggested by Wiegeshaus et al.
(81) " the potency of a vaccine is a function of the
animal model in which it is evaluated ". Thus, on
the whole, these attempts have given disappointing
results, which indicates that delayed hypersensitivity
to tuberculoprotein and acquired resistance to tuber-
culosis may be more closely related than often is
assumed. It should be noted that killed bacilli (if
administered in mineral oil as an adjuvant) produce
some resistance but also some delayed hypersensi-
tivity.
For many years, it has been known that delayed

hypersensitivity can be transferred with sensitized
lymphocytes but not with serum. Recent research
has shown that it is possible to transfer acquired
resistance in a similar way, and that after BCG vac-
cination the induced sensitivity and protection appear
simultaneously (53). Mackaness (55) suggests that
the thymus-derived lymphocytes that mediate tuber-
culin sensitivity are also the vehicles responsible for
specific resistance against the tubercle bacillus.
The immunological significance of the waning of

BCG-induced tuberculin sensitivity has never been
fully elucidated. Studies in animals and in man have
shown that the level of tuberculin sensitivity may be
maintained or restored by repeated tuberculin test-
ing (27, 36, 56, 63, 70, 78). The animal studies
showed that when in the course of time the tubercu-
lin reaction had become negative this was not
accompanied by a complete waning of resistance to
virulent challenge. On the other hand, when the
level of tuberculin sensitivity was restored by tubercu-

lin testing the resistance io virulent challenge was
not greater than when no tuberculin test was given.
Thus, the restorative effect of a tuberculin test
(if any) must have been less than the possible
restorative effect of the subsequent challenge. In
newly vaccinated or revaccinated animals, the resist-
ance to challenge was significantly superior (79).
A recently developed hypothesis on the mechan-

isms of delayed hypersensitivity (54) goes far towards
explaining the apparent dissociation of tuberculin
sensitivity and resistance. The decrease in the level
of tuberculin sensitivity (to a single test) would be
the result of a decrease in the number of activated
T cells (thymus-derived lymphocytes), which are
short-lived. However, upon contact with specific
antigen, production of these cells would be resumed,
at short notice, from committed but inactive memory
cells. Without further antigenic stimulation, the
memory cells would cease producing their activated
progeny.

EFFICACY OF BCG VACCINATION IN MAN

Vaccination trials
The most valuable contribution to knowledge on

the efficacy of vaccination has been obtained from
controlled trials. In the investigations reported here,
the individuals eligible for vaccination were divided
at random into two groups, one group receiving
vaccination and the other a placebo (i.e., they remain-
ed unvaccinated to serve as a control group). Both
groups were followed up in the same way and gen-
erally the final diagnosis was established without
knowledge of whether the individual belonged to
the vaccinated or to the placebo group. The results
of eight controlled trials are presented in tabulated
form (Table 1).
The figures of protective efficacy a (see Table 1,

last column) display a strikingly wide range of
efficacy, from 0 to 80%. Three trials-in Georgia
(1947); in Georgia and Alabama (1950); and in
Illinois (1947)-showed little or no effect; another
one carried out in Puerto Rico indicated a moderate
effect. A trial in South India indicated after 71/2 years
a 60% efficacy, which after 121/2 years of obser-
vation decreased to 300g. On the other hand, a trial
in a population of North American Indians showed
a protective efficacy of the order of 80%, and the
observed protection was similarly high in a study

a Protective efficacy is traditionally defined as the differ-
ence between rates in the vaccinated and the unvaccinated,
as a percentage of the rate in the unvaccinated.
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in infants in Chicago and in the trial of the British
Medical Research Council in a population of children
of school-leaving age.

Methodological shortcomings, such as bias, which
would have influenced the allocation of eligible sub-
jects or the assessment of results, can be largely
excluded as an explanation of these conflicting
results. Genotypical or phenotypical differences be-
tween the populations belonging to various ethnic
groups and countries were not found to be respon-
sible for the large differences in efficacy (77). The
suggestion that gross malnourishment or nutritional
differences could have reduced the efficacy of vac-
cination in a similar way as in animal (mouse)
experiments (17) was not in accordance with the
high efficacy found in North American Indians (39).
In the Georgia-Alabama trial, the thickness of the
subcutaneous fat layer was measured; no association
with the efficacy of vaccination could be found (12).

Protective efficacy of different vaccines

There is evidence that, in man, a reduced dosage
may not only result in a reduced level of post-
vaccination tuberculin sensitivity but also in dimin-
ished protection. In the controlled trial in Ameri-
can Indians, a poor culture medium was used for
some time. The vaccine prepared on this medium
(which according to the authors must have con-
tained predominantly dead bacilli) resulted in a
" conversion rate " of 160%, against 46% observed
in the population given the same dose of vaccine
prepared on the medium used throughout the rest
of the study (2). Five years later the protection
observed with the former vaccine was 53%0, against
80% in the total vaccinated population-a highly
significant contrast (1). The controlled trial in Eng-
land showed a similar trend (not in itself statistically
significant) for variation in protection to be associ-
ated with slight variations in the viability of the
different batches used and with the corresponding
variations in the tuberculin sensitivity induced (38).

That protection observed in man might depend
on the strain of BCG was first suggested by Willis
and Vandiviere (82) on the basis of a close associ-
action between the results in animal models and the
protection in man observed in three controlled
field trials (American Indians, Georgia-Alabama,
and Puerto Rico; see Table 1). For the strain
suspected to be the weakest of the three, two other
controlled trials have been reported (5, 13), both
showing no protection. The trials alone do not
prove the strain to be at fault: the vaccine was

applied by multiple puncture and the dosage may
have been very low. However, the low activity
found in animals for strains supplied during the
same period by the same laboratory (18, 19, 46, 76,
83) is compatible with a very low immunogenicity
of the strain as such. For the study in Puerto
Rico (68), there is no indication that the vaccine
dose was low, so that the low protection observed
(310%) is most likely due to the strain.

Sensitization by " atypical " mycobacteria
However, the obvious conclusion that, in the

later American trials, the vaccination (i.e., the vac-
cine or the mode of administration, or both) had
a poor efficacy was not readily accepted. In fact,
it was suggested that the differences in protective
effect observed between the British trial and the
trials in Georgia-Alabama and Puerto Rico can be
explained by differences in the prevalence of sen-
sitization by atypical mycobacteria in the areas com-
pared (65). This immunological argument, which had
direct practical implications, was raised after the
discovery of the prevalence, in most tropical areas,
of low-grade tuberculin sensitivity not caused by
M. tuberculosis (23, 66, 67, 87, 89). Studies of
delayed hypersensitivity to various PPDs prepared
from " atypical " mycobacteria indicate that such
nonspecific reactions to tuberculin are caused by
mycobacteria antigenically close to Runyon's groups
II and III, and to M. avium (24, 25, 40, 65, 88, 93).

In a study in mice (93) and in a large experiment
in guinea-pigs (65), several atypical mycobacterial
species were found to immunize against tuberculosis
in varying degrees. The degree of protection induced
was found to be closely related to the degree of
sensitivity to PPD-S induced by the various myco-
bacteria. The same experiments showed that the
protection afforded by these mycobacteria was in-
ferior to that conferred by BCG, and that additional
BCG vaccination caused an increase in protection
up to the level induced by BCG alone. Observations
in animals on the protective effect associated with
sensitization by atypical mycobacteria, in conjunction
with the assumption that in these two American
trials the vaccine (in the dosage used) was of a
potency similar to that observed in the British
trial, made these workers propose that, in the pres-
ence of sensitization by atypical mycobacteria, BCG
vaccination may be precluded from being effective.
In view of the important public health implications,
these observations and statements are analysed in
detail below.
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It may indeed be assumed that many of the
children studied in the Georgia-Alabama trial had
been sensitized by atypical mycobacteria: in another
study in the same area (Georgia, 1947, see Table 1)
42% of those who did not react to a low dose of
tuberculin reacted to a high dose. In the Puerto
Rico study, 30% of those who did niot react to an
intermediate dose reacted to a high one.
The protective effect associated with sensitization

by atypical mycobacteria cannot be estimated from
the trial results, although some indications are avail-
able. Also in the British trial, a part of the popu-
lation (excluded from the vaccinated and control
groups) was apparently sensitized by atypical (or
avian) mycobacteria. The incidence of disease in this
group, with low-grade sensitivity, was about half of
that in the unvaccinated control group (but twice
that in the vaccinated group). A similarly reduced
incidence associated with low-grade sensitivity was
observed in a follow-up of navy recruits (21). These
findings seem to be compatible with those obtained
in guinea-pigs by Palmer & Long (65), in which the
protection associated with sensitization by M. intra-
cellulare or M. avium was about 50% of that con-
ferred by BCG (of a batch produced in Copenhagen).
One must now consider whether a protection of

this level could have masked almost completely the
effect of a potent BCG vaccination, as was suggested
by Ferebee and Palmer (quoted by Hart, 37), who
concluded that in hot countries, where nonspecific
sensitivity is often common, BCG might have no
more effect than in Georgia and Alabama, or in
Puerto Rico. This viewpoint was challenged by
Hart, who, assuming for the sake of the argument
that in Georgia and Alabama the vaccination had
been fully potent and that every member of the popu-
lation studied was sensitized by atypical myco-
bacteria, calculated that the findings could be
explained only if the protection associated with
sensitization was about 95% of that induced by
BCG (rather than the 50% assumed by Palmer).
Moreover, Hart calculated that, in the hypothetical
situation in which all those eligible for randomiza-
tion in the British trial were sensitized by atypical
mycobacteria, the observed protection would have
been 52% and not 14%, as in the Georgia-Alabama
study.

There may be a simple explanation for this con-
troversy. From their observations in guinea-pigs
that the protection associated with sensitization by
M. intracellulare or M. avium was about 50% of
that conferred by BCG, Palmer & Long (65) appear

to have jumped to the conclusion that the protec-
tive effect observed, when BCG is given to a popu-
lation already sensitized by atypical mycobacteria,
would be 50%. of that observed in a population that
sensitized. is not Their reasoning implies an arith-
metical flaw that seems to have passed unnoticed.
This may be exposed as follows: if it is assumed
that the protective effect of BCG is 80% and that
of atypical mycobacteria half of this, i.e., 40%, then
each 100 cases that would have occurred in a popu-
lation free from any sensitivity would be reduced
to 60 cases if this population were sensitized by
atypical mycobacteria and to 20 cases if it were
BCG-vaccinated. In a sensitized population, BCG
vaccination therefore would reduce each 60 cases
to 20. The empirically observed protection in sen-
sitized persons would thus be (see also footnote
page 257): (60-20)/60=0.67, or 67%. If only a part
of the population were sensitized, the observed
protection would be correspondingly higher (up to
a maximum of 80%). Since, in a population free of
sensitization, the protective effect of BCG vacci-
nation observed would have been 80%, in a sen-
sitized population it would have been at least 84%
of this, rather than the 50% referred to by Palmer
and Long (67/80=0.84). Thus Palmer and Ferebee,
judging from their own premises, grossly overesti-
mated the masking effect that sensitization by atypi-
cal mycobacteria may have on the protection afforded
by BCG vaccination. This confirms Hart's view that
such sensitization alone cannot explain the difference
in protection observed between the British and the
American studies and moreover shows that, if the
findings of the study by Palmer and Long in guinea-
pigs apply in a human population, the observed
protective efficacy of a potent BCG vaccine would
be considerable even in a population sensitized by
atypical mycobacteria. However, if the protection
conferred by a certain BCG vaccine were modest in
comparison with that associated with low-grade sen-
sitivity, no protective effect of BCG might be
observed in a sensitized population. In this con-
nexion the WHO Expert Committee on Tubercu-
losis (86) warned in 1973 that " a vaccine would be
useless if it were so weak that it did not increase
the level of protection beyond that already acquired
from sensitization by atypical mycobacteria ".
The only explanation for the gap between the

results of the British and American studies (and
largely for the poor results in the latter) is that the
vaccine, in the dosage used, must have had a low
potency. Furthermore, it is striking that, in two other
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trials (Georgia, 1947; Illinois, 1947; see Table 1) in
which vaccine from the same laboratory that sup-
plied the Georgia-Alabama trials and also the mul-
tiple puncture technique were used, no protection
was observed. In these two studies, any signifiant
low-grade sensitivity in the participants was excluded
at the intake by means of a high-dose tuberculin
test. Though some sensitization by atypical myco-
bacteria may have occurred in the course of the study,
this could not possibly explain the completely nega-
tive findings if it is maintained that the vaccinations
would have had a high efficacy in a nonsensitized
population.
The situation is hardly different as regards the

trial in Puerto Rico, in which BCG had a significant
protective effect (31 %). At the beginning of this
trial, 3000 of nonreactors to a low-dose test reacted
to 100 TU. Assuming that the prevalence of reactors
to 100 TU increased slowly and averaged 3500
throughout the period of exposure to infection rel-
evant to the follow-up period, and assuming further
that the BCG vaccination protected 7900 of persons
who did not previously react to 100 TU (i.e., as in
the British trial), the following equation applies in
respect of the observed protection:

310 = 100 [(100 - 0.35x) - (100 - 79)]/(100 - 0.35x)

where x is the percentage protection associated with
low-grade sensitivity (as demonstrated with 100 TU),
and where 0.35x is the number of cases, out of
100 potential cases, that were prevented by low-grade
sensitivity.

Solution of the equation gives x= 199%. This must
mean either:

(a) that sensitization with atypical mycobacteria
protected not only the sensitized person himself from
tuberculosis during the trial period but also in some
indirect way a nonreactor to the 100 TU test; or

(b) that sensitivity too weak to be revealed even
by a test of 100 TU still gave perfect, or nearly
perfect, protection.

Either proposition appears much less likely than the
simple explanation that also here the vaccination
must have been less potent than in the British trial.
As a matter of fact, a report by Comstock &
Edwards (11) gave a breakdown of the results
according to the results of the high-dose test. It turns
out that " the rate among vaccinees was about 3000
lower than that among controls regardless of whether
they reacted to the 100 TU dose of tuberculin ".

Retrospective studies
Numerous retrospective studies have been pub-

lished. Invariably they provide observations that
are compatible with a protective effect of BCG vac-
cination. A few recently published studies from
countries where tuberculosis morbidity has been
recorded for many decades will be mentioned.

In one comparative study (6), morbidity rates are
analysed from three Scandinavian countries in which
BCG vaccination is widely used but policies sub-
stantially differ. Since the 1940s, primary vaccination
in Sweden is given systematically in the newborn,
in Norway to school leavers, and in Denmark to
school entrants. Comparing the morbidity rates in
those countries for the decade 1950-60, it was found
that, although tuberculosis was decreasing in all
ages, the age-specific decrease was closely associated
with the vaccination policies in the respective coun-
tries. In the age groups intensively covered with
BCG, the decrease was 20-25%, whereas in the non-
vaccinated age groups it was only 10%.

Observations in Hong Kong (59, 60); Hungary
(52); Japan (44, 91); England (74); and France (30)
indicate a correlation between vaccination policies
and the decreasing trend of morbidity in the vac-
cinated cohorts.
The results of each of these retrospective surveys

should, of course, be interpreted with caution. More-
over, the general impression from all the studies
reported so far way reflect a certain bias resulting
from a selection for publication of interesting (and
most likely favourable) results.

The tuberculosis prevention trial in India
The conflicting results of the prospective studies

carried out so far, as well as the desire to obtain
a direct estimate of the effect of BCG in an Indian
population, prompted the start, in 1968, of a new
prospective study.

In this trial great endeavours are being made to
avoid the methodological errors for which previous
trials have been criticized, and also to solve some
problems on which those trials have given little or no
information as yet. In particular, different BCG
strains and different dose levels are used. An import-
ant advantage that the present trial will have over
the previous trials is that the BCG strains are
preserved as seed-lots in freeze-dried form and can
be used for vaccine production if this is justified by
the results of the trial.
The trial is sponsored by WHO, the Indian Coun-

cil of Medical Research, and the United States
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Public Health Service. A major reason for the com-
prehensiveness of the study is that, with the increased
use of BCG in the world, it may very well be imposs-
ible to carry out a further large-scale controlled trial
in man that includes a nonvaccinated group.

REACTIONS AND COMPLICATIONS

This subject has been discussed in detail by
Mande (57), to whom reference is made also concern-
ing the treatment of complications.

Local lesions
A correct intradermal injection of a potent vac-

cine gives rise to a local superficial ulcer, rarely
open, but usually seen covered with a crust until,
after healing, it leaves a permanent, very slightly
excavated, round scar, typically 4-8 mm in diameter.
This is the normal course of vaccination, and there-
fore should not be considered as a complication.
With overdosage, the local lesion and the later scar
may be considerably larger and of irregular size.
With a low vaccine dosage, a substantial proportion
of the vaccinated may have no scar.
Subcutaneous local abscesses, followed by pro-

nounced scars after fistulation, are occasionally seen.
They are caused by injecting vaccine too deeply (22,
pp. 83-95), with high dosage as a contributing factor
(a small dose injected subcutaneously may leave no
scar at all).

Exceptional local reactions may range from slight-
ly hypertrophic scars of no cosmetic significance,
to keloids, i.e., pronounced progressive processes.
The latter seem to differ in frequency between popu-
lation groups. The treatment of keloids is difficult.
Development of lupus extending from the vaccination
lesion or scar occurs in rare cases and usually
responds well to therapy (42).

Regional reactions
BCG vaccination simulates a primary infection

and comprises a regional lymph node involvement
as well as a local lesion. In most vaccinated individ-
uals, the lymph node involvement passes unnoticed.
In a proportion, careful palpation of the region will
reveal moderately sized, indolent lymph nodes that
later subside spontaneously. This is the normal
course of vaccination, and should not be considered
as a complication.

Occasionally, the lymph node process becomes
suppurative, followed by adhesion to the skin and
fistulation. This often happens late-3-6 months
after vaccination. The process is fairly indolent and

invariably benign, also without treatment. As spon-
taneous healing may take many weeks or even
months, local treatment is often given. The rate of
this complication is closely related to the age of the
child, to the vaccine dose (22, 35, 90), and probably
(though no definite evidence of this exists) to the
strain of BCG. Typically, it occurs when a dosage
that is perfectly well tolerated in older children is
extended to mass coverage of the newborn, or (also
typically in the newborn) when a more potent vac-
cine, well tolerated elsewhere, is introduced in a pro-
gramme where formerly a weaker vaccine was
used.
The pronounced dose-dependence of this compli-

cation (doubling the dose usually doubles the rate)
indicates one simple way of dealing with the prob-
lem. A sharp reduction in dosage in the newborn
(and possibly in infants) will bring the complication
rate under control without, it is hoped, reducing
the desired protective effect too much. But there can
be little doubt that an imprecise vaccination tech-
nique is an associated factor: if vaccinators are used
to a vaccine of low potency, with virtually no com-
plications, they may be less cautious about over-
dosage and subcutaneous injection. The moment the
same imprecise technique is used for a more potent
vaccine, or in a more sensitive age group, compli-
cations are bound to occur.
A sudden increase in the rate of this conspicuous

complication may understandably upset the public,
and indeed the medical profession. Its acceptability
is closely related to the felt need for protection
against tuberculosis: where tuberculosis is still a seri-
ous public health problem, complications are gen-
erally sufficiently controlled through careful dosage,
possibly combined with treatment. Where tubercu-
losis is less of a problem, health authorities often
tend to prefer using a vaccine of lower potency. The
inherent danger in such a policy is that the dosage
is not only reduced for the newborn, in whom the
complications constitute the problem, but also for
all other eligible groups. Where infant tuberculosis
has become a minor problem, complications ob-
served in the newborn may prompt the replacement
of vaccination of this age group by vaccination at
a later age, e.g., at school entrance.

Other complications
Osteomyelitis after BCG vaccination is being ob-

served in Sweden and Finland in mass vaccination
programmes of the newborn. Sequelae of treatment
have been reported. Whether this complication is
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associated with the use of the Gothenburg strain in
these two countries is not known.

Generalized, progressive, fatal lymphatic involve-
ment is rare (15-20 cases have been described in
all). Immunogenic deficiencies were found in all
well-documented cases.

VACCINES

Besides BCG vaccine, other vaccines prepared
from attenuated strains of M. tuberculosis or from
other mycobacteria have been recommended. Some
of these might have a potency equal to that of BCG,
e.g., the vole bacillus (M. microti). However, BCG
is universally preferred because no other species has
been proved to be more effective and equally safe.
Still, the unqualified use of the term " BCG vaccine "

is not warranted. Numerous animal experiments
indicate that the various BCG strains that are used
nowadays for vaccine production differ markedly in
protective efficacy. Moreover, the estimated potency
of the vaccines varies widely, even between labora-
tories using the same strain, and considerable vari-
ations may be observed between batches of vaccine
produced in a single laboratory.

Genetic changes
Marked differences in the immunogenic and sen-

sitizing potency of BCG strains were demonstrated
more than 20 years ago (19, 43, 45). In the course
of continuous serial subcultures, which is the tra-
ditional way of maintaining strains, the growth of
mutants is unavoidable. In particular, mutants that
have a faster growth rate in vitro than have the
mother cells of the strain can, in a relatively short
time, gain the upper hand. Sometimes culture media
or growth conditions have been altered deliberately
with the aim of obtaining a more innocuous strain
that would produce fewer or no complications or
weaker tuberculin sensitivity; or else strains have
been selected for ease of production or on account
of other biological properties, but most changes
have happened unexpectedly for unknown and, at
that time, uncontrollable reasons. Thus, there have
been striking spontaneous changes in attributes such
as morphology, pigmentation, rate of growth, and
even the ability to protect animals against experi-
mental infection. Obviously, in case of any such
visible change the strain is no longer the same.
Invisible changes may have occurred at the same
time, for instance in the protective potency in man.

Evidence about the relative merits of various
established BCG strains is still indirect, largely from

experimental animal studies and to some extent from
historical inference. There is no doubt that strains
differ widely in terms of virulence and, in certain
animal models, also in terms of protective power
(8, 9, 46, 49).a There is much circumstantial evidence
that the most successful trials in man must have
been carried out with strains of rather high virulence,
and from the evidence available today, it would
seem reasonable to choose for the production of a
vaccine a strain that has a high potency in several
animal models (18) and induces a strong and lasting
tuberculin sensitivity in children (34).

The seed lot system
In order to prevent further genetic changes, the

traditional way of maintaining strains by serial sub-
cultures had to be abandoned. Formal " Require-
ments for dried vaccine" have been adopted by the
WHO Expert Committee on Biological Standardiz-
ation (84). These requirements, in addition to giving
specifications concerning the manufacture and test-
ing of vaccines, prescribe the use of the " seed lot
system "-i.e. maintenance of the BCG strain in the
dried form as a so-called " primary seed lot " and
preparation of BCG vaccine from cultures that are
removed from this primary seed lot by as few cul-
tural passages as possible, in any case not more
than 12. In practice, the seed lot is a batch of
freeze-dried BCG in ampoules. Such ampoules are
opened one at a time, at regular and frequent inter-
vals, and material is drawn from them for inoculat-
ing media. This procedure guarantees the stability
of the strain by obviating the risk-inherent in con-
tinual transplanting-of selection in favour of poss-
ible mutants.

Preparation of vaccines

The methods described below are used in the
great majority of reputed laboratories, though not
in all. Vaccine suspensions are still prepared in a
way originally developed decades ago, and recent
developments have been mainly in respect of details
such as the age of cultures and the duration of
homogenization.
The bacilli are grown as a pellicle on the surface

of liquid Sauton medium, and it is now known that
an early harvest (6-9 days, depending on the strain)
is important for a good survival after freeze-drying.
The semi-dry mass (obtained after filtering and press-
ing) is homogenized in a ball-mill at a controlled

a See also Conge & Dubos (14).
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temperature. The exact degree of homogenization is
critical. The homogenized suspension may be diluted
and distributed as liquid vaccine (which must be
stored cold and used within a few weeks) or it may
be freeze-dried. Daylight, which is detrimental to
the vaccine, is avoided at all stages of manufacture
and testing, and air-conditioning with sterile air and
over-pressure is necessary to keep contamination to
a minimum.

Freeze-dried BCG vaccine is being used on a
steadily increasing scale because of its great oper-
ational advantages; furthermore it permits quality
control to be completed for each batch of vaccine
before it is released. The vaccine is frozen and dried
in the ampoules, with sodium glutamate as the only
additive, and with exact duplication of the gradients
of temperature and drying that have been found best.
The ampoules are kept in dry air until they are
closed under vacuum (closing under inert gas tends
to yield a product of lower stability). Whereas
dispensing and closing is technologically simple if
vials are used, this method is not recommended be-
cause experience shows that it yields a product with
unstable vacuum and poor keeping qualities and also
because it may tempt the user to store the recon-
stituted vaccine. For the latter reason alone, BCG
vaccine supplied in rubber-stoppered vials does not
meet the requirements formulated by the WHO
Expert Committee on Biological Standardization (84).
Several laboratories now use a machine for auto-
matic sealing under vacuum, not only for oper-
ational reasons but also because this ensures less
wastage, fewer defective sealings, and less damage to
the vaccine during sealing.
The routine quality control carried out by the

production laboratory comprises: identity test, test
of contamination, safety test in guinea-pigs, estimate
of total bacillary mass (opacity, dry weight), viability
(oxygen uptake, germination rate, colony count),
and test of heat stability. These routine tests are par-
ticularly important for ensuring batch-to-batch uni-
formity.

Quality control service

In addition to the producer's control, national
control of the product is required (84). Facilities for
national quality control are still lacking in several
vaccine-producing countries and in most countries
that import vaccine.
WHO, through a number of cooperating labora-

tories, has established a quality control service that
examines samples of BCG vaccine upon request

from any government and any production centre,a
as recommended by the World Health Assembly in
resolution WHA27.54. A part of the quality control
of BCG is the periodic assessment of the allergenic
capacity and lesions produced in human beings (62);
such assessment has been facilitated by the establish-
ment of an International Reference preparation for
BCG vaccine (84).b With these quality control facili-
ties, the gross variations in the quality of BCG vac-
cine that used to occur in many laboratories only
a few years ago are now decreasing steadily.

Planning of production and supply
There is a lower limit to the rational capacity of

a laboratory to produce dried BCG vaccine. Not
only is a minimum number of experienced staff
needed to cover all the aspects described above, but
also rational use of the required machinery demands
a considerable output. Furthermore, several stages
in the production require separate rooms.
A small laboratory should have at least one or

two freeze-driers with a total space for 2000-3000
ampoules. This number is also within the daily
capacity of a single automatic sealing machine. Thus
it is reasonable to expect an annual production of
200000-400000 ampoules (depending on the staff
and on servicing facilities for the machines). Taking
as an average 10 vaccinations per ampoule, that
would suffice for 2-4 million vaccinations or, depend-
ing on the organization and coverage of the vac-
cination programmes, for a birth-rate of 3-4% -the
likely needs for a total population of 50-100 million
(see also 86, page 31).

Traditionally, many countries have had a national
laboratory for the production of liquid vaccine,
irrespective of the size of the population or the vac-
cination programme. In recent years, many such
laboratories have tried to freeze-dry their products,
but frequently with very limited success. The necess-
ary requirements as regards installations and tech-
nology often cannot be met, and production tends
to develop towards a mediocre vaccine of high price.
Many national authorities have therefore taken

to importing from one of the major BCG production
laboratories. A special arrangement that has been
of great help to many developing countries has been
the supply of BCG vaccine by UNICEF (in technical
collaboration with WHO). During the last 10-15
years, the international supply for the most part
has been from major commercial laboratories in

a Unpublished document WHO/TB/Techn.Guide/6, 1967.
b See also unpublished document WHO/BS/802, 1965.
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developed countries. Efforts are now being made to
establish regional production centres of the magni-
tude indicated above, each to supply a group of
countries. Progress in this respect has been p'romis-
ing, but slow in technical and organizational terms.

DOSAGE AND VACCINATION TECHNIQUES

In BCG vaccination the response in terms of
tuberculin sensitivity, local reactions, complications,
and probably also protection, depends very much
on the dose, as has been discussed above. The
rational approach, therefore, is to administer the
largest dose possible-i.e., a dose that produces not
more than a tolerable risk of local and regional
complications. This requires careful calibration stud-
ies in the eligible age groups. The dose may vary
with the age of the child, with the vaccine used,
and, for the same vaccine, even from country to
country. In view of this delicate situation, it is
important not only that the vaccine used should be
of uniform quality, but also that it should be admin-
istered in a uniform way. Intradermal injection is
the most precise technique. By using leak-proof
syringes, the dose of vaccine can be measured fairly
accurately and the risk of complications due to over-
dosage is low. A reduced dose may be administered
to the newborn simply by reducing the volume.

In percutaneous and oral vaccination, a much
higher dose has to be applied, and only a small
fraction of this dose is actually introduced into the
skin or absorbed. As may be expected, these tech-
niques produce a wider scatter of the results, i.e.,
overdosage and underdosage are more frequent
than with intradermal injection. In order to reduce
the risk of complications due to overdosage, the
dose has to be lowered, at the risk of reducing the
protective effect.
The various multiple-puncture techniques make

use of discs set with prongs or needles. Often they
are made of disposable material, but some must be
sterilized between injections. More complicated,
spring-driven instruments have been developed to
achieve a more uniform technique. The concentrated
vaccine is applied to the skin and a small pro-
portion is introduced when the prongs puncture the
skin. All multiple-puncture techniques have been
advocated as being simpler and faster than intra-
dermal injection and it is often stated that unskilled
staff, without special training, can be entrusted
with the vaccination of large population groups.

Multiple-puncture vaccination, however, is con-

sistently found to give results that are inferior to
those obtained with intradermal vaccination (31, 33,
SO),a though the inventors often produce promising
results. The differences in the results obtained suggest
that training and accuracy may well be more import-
ant factors than is generally presumed. The value
of different techniques cannot be appraised in pro-
tection studies in man, but comparative studies, with
intradermal vaccination as a reference, can be made.
In such studies the lesions and complications can
be compared, as well as the post-vaccination tubercu-
lin sensitivity, which is an indication of the dose
introduced. Differences in response to the post-
vaccination tuberculin test are difficult to evaluate
(see also BCG vaccination and other vaccinations
given simultaneously or combined in one injection,
p. 265). In view of this, comparative studies are best
carried out according to a calibration design, so that
the equivalent dose can be assessed.

Preliminary studies with the bifurcated needle
technique, which is being used successfully in small-
pox vaccination, showed that this multiple-puncture
technique also results in underdosage if the currently
available percutaneous vaccines are used. In further
studies, however, it appeared that, at best, the
bifurcated needle technique introduces not more
vaccine into the skin than one-third of the recom-
mended intradermal dose (71, 80). Similar results
were observed in a routine vaccination programme,
in which the expected practical advantages did not
offset the cost of the concentrated vaccine.
One intradermal technique that seems rather prom-

ising is jet-injection, by which a uniform dose of
vaccine is released under high pressure and is ex-
pected to be deposited into the superficial layers of
skin. A number of studies have been carried out
comparing two different types of jet-injector with
the intradermal syringe technique (16). These studies
failed to demonstrate the precision that might have
been expected from automatically made injections.
The size of tuberculin reactions after vaccination
was smaller on the average, although the variations
were similar, in comparison with the syringe tech-
nique. However, the variation of lesion size was
much larger, thus indicating individual differences
in the way in which the jet-injector dispenses the
vaccine into the superficial layers of the skin. In
order to achieve the same size of post-vaccinal
tuberculin reactions, doses ofvaccine 50-250% higher

a See also: Azuma, Y. et al. A trial of a multipuncture
method of BCG vaccination. Unpublished document
WHO/TB/71.89, 1971.
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had to be given, varying with the type of jet-injector.
However, the lesions produced by these higher doses
were often larger than those produced by syringe.
Disregarding the operational vulnerability and the
costs, the jet-injector is an advantage only in situ-
ations where larger numbers of eligible persons can
be lined up and where the possibility of repair is
always at hand. When adults and infants have to
be vaccinated in alternating sequence (infants should
be given a smaller dose), it is technically not feasible
to adjust the jet-injector instantly; some types cannot
be regulated at all.

Oral vaccination, which was the original technique
recommended by Calmette, has been abandoned by
a number of countries where for some time it was
routinely used. Even though sufficient evidence is
lacking, it is sometimes believed that it might be
efficient in the newborn, but because of the high
doses of vaccine required for oral vaccination the
risk of serious complications in the newborn ap-
pears to be rather high. Critical studies in older
age groups have generally revealed a weak response.
A study of oral BCG vaccination in the newborn
in Switzerland was stopped when it was learned that
in France oral vaccination at all ages had been dis-
continued because of frequent otitis media. In the
children followed up, a high frequency of suppura-
tive cervical adenitis was observed. The method was
abandoned also in certain Latin American countries
(Argentina, Colombia, Mexico, and Uruguay) where
oral BCG vaccination used to be given.

DIRECT BCG VACCINATION

Direct BCG vaccination, i.e., without preceding
tuberculin testing, has been thoroughly examined in
WHO-assisted projects in various parts of the world.
After the WHO Expert Committee on Tubercu-
losis (85) recommended direct BCG vaccination as
a country-wide policy, further studies investigated
the risk of undesirable effects.
Although the local vaccination reactions in reac-

tors are on the average larger than in nonreactors,
they never reach disquieting dimensions. After the
fourth week they generally diminish rapidly, and
8-9 weeks after vaccination the differences in scar
size observed between initial reactors and non-
reactors are in general less than 3 mm.

Hypertrophic scars and even keloid have been
found to be fairly common after vaccination in some
countries, where for cosmetic reasons they have given
rise to complaints. (Striking differences in the fre-

quency of such scars from country to country may
be partly explained by possible differences in the
interpretation and criteria used.) It appears that
after primary vaccination the frequency of hyper-
trophic scars and keloid scars is higher in reactors
than in nonreactors, in girls than in boys, and in
persons that have been vaccinated at the acromial
region than in those vaccinated at a lower deltoid
site of the arm.a
As regards the incidence of enlarged lymph nodes,

the difference, if any, between reactors and non-
reactors does not seem to be of any practical
importance.b

Also, the hypothetical risk of reactivation of quies-
cent or healed tuberculosis in children (26) and the
possible deteriorative effect on specific lung lesions
in persons under radiological and bacteriological
follow-up have been studied (32). No adverse effect
of direct BCG has been reported in any of the stud-
ies. Data from the large-scale protection study in
India indicate that BCG vaccination does not cause
an increase in the incidence of disease in strong
reactors and X-ray suspects, or an increase in mor-
tality in patients (69). Direct BCG vaccination has
been adopted as a national policy in many countries
and found to be highly acceptable by the public.
Its obvious operational advantage-a high coverage
for less than half the workload-has made direct
BCG vaccination recommendable, particularly in
countries where the shortage of health personnel is a
serious constraint.

BCG VACCINATION AND OTHER VACCINATIONS GIVEN

SIMULTANEOUSLY OR COMBINED IN ONE INJECTION

Whereas direct BCG vaccination was received by
national authorities with caution, and only after
pilot studies had proved its innocuity, the idea of
simultaneous BCG and smallpox vaccination has
been accepted almost without hesitation. It has been
found experimentally (47) and in children (4, 10, 51);
(H. T. Lin, unpublished observations, 1966) that
there is no mutual interference regarding the devel-
opment of local lesions, the take rate, or tuberculin
sensitivity. Convenience for the public, as well as
for the health authorities and the vaccinators, has
led to the adoption of simultaneous smallpox and
BCG vaccination in children as a national policy in
several countries.

a Unpublished document WHO/TB/69.78.
b Unpublished document WHO/TB/Techn. Information/

67.58.
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Other vaccines also have been applied simul-
taneously with BCG on a pilot basis, e.g., smallpox
and measles vaccines (20), yellow fever vaccine,a
diphtheria-tetanus vaccine, and oral poliomyelitis
vaccine (29).

In a few studies, combined (in one single injection)
BCG and smallpox vaccination, as well as BCG-
yellow fever vaccination, have been examined. No
adverse immunological interference or any other
untoward effect could be observed (41 and Cham-
bon a).

However, how far the mixing of vaccines by
field workers is a safe procedure needs to be further
investigated. The preparation of mixed vaccines in
one ampoule also needs to be studied. Although
immunologists are in favour of giving many vacci-
nations to a maximum of persons in a minimum of
time (48), research will have to produce firm evidence
that a particular vaccine combination does not over-
load the response capacity of the immune mechan-
ism and that it is harmless, before it can be recom-
mended as a national policy.

REVACCINATION

In country programmes, revaccination should not
be considered before a high proportion of the
eligible population has received one vaccination.
Still, the question of when to revaccinate, and whom,
continues to be of interest. It has been shown that,
in guinea-pigs, resistance acquired from BCG vac-
cination wanes somewhat but does not disappear
within the animals' natural life span (78, 79). Con-
trolled protection trials have indicated that, in man,
the waning would be slower in terms of years than
it is in the guinea-pig. In countries where the risk of
infection is high, children are generally vaccinated
at a very early age, and even the second vaccination
must be given before the prevalence of infection has
reached too high a level. In view of this, and espe-
cially to ensure that a high level of protection is
reached at a time when the children become suscep-
tible to developing the adult type of tuberculous
disease, the second vaccination is best given before
school-leaving age, for example at the age of 12 years.

In many countries, it is the custom to revaccinate
individuals whose tuberculin sensitivity has waned.
Tuberculin testing is carried out at regular intervals
and revaccination is given when the reaction is

a Chambon, L. et al. Combined BCG-yellow-fever vac-
cination by Ped-O-Jet. Unpublished document WHO/TB/71.
88, 1971.

considered " negative ". This practice of revaccinat-
ing on the basis of a single negative tuberculin test,
and of withholding revaccination from persons who
still react to tuberculin, has no scientific basis (36).

There is obviously good reason for revaccination
if it is found that previous vaccination has been
inadequate. Revaccination should be given in any
case to children who were vaccinated at birth with
a reduced dose. When revaccination is given, per-
sons showing some tuberculin sensitivity owing to
the earlier vaccination should not be excluded.
Obviously revaccinations should in both cases be
carried out with a higher dosage.

EVALUATION

Sensitivity to tuberculin has long been thought of
in qualitative terms-as something an individual
does or does not possess. The popularity, even
nowadays, of certain tests that were developed
according to this concept shows that the phenom-
enon is still not always understood. In a series of
systematic studies (22) it was demonstrated that
" tuberculin sensitivity is quantitative, and not a sim-
ple qualitative characteristic that may be described
as present or absent, positive or negative ". This
applies in particular to BCG-induced sensitivity.
Non-reactors given the same vaccine generally re-
spond to vaccination in much the same way: their
post-vaccination tuberculin reactions are distributed
in a unimodal pattern, showing a " normal " fre-
quency curve, i.e., the group as a whole shows a
single biological response. This is found to be the
case whatever the level of sensitivity produced. Con-
sequently, the level of sensitivity produced by the
vaccination is very adequately represented by the
mean of the distribution and its standard deviation.
Expressing the level in a different way, e.g., as the
proportions found positive or negative to an arbi-
trarily set limit, or, similarly, mention of the " con-
version" rate, is not only biologically meaning-
less but also statistically inefficient. Measuring the
level of BCG-induced tuberculin sensitivity in small,
uniform, groups has been used for many years to
compare vaccines (batches), vaccination techniques,
and the performance of vaccination teams. In the
evaluation of direct BCG vaccination programmes,
such comparisons can be made in the lower age
groups (without a pre-vaccination tuberculin test).a
With the introduction of freeze-dried vaccine,

a Unpublished document WHO/TUB/Techn.Guide/2,
Rev. 4, 1965.
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batch-to-batch variations can be kept under control
and, for a reasonably heat-stable vaccine, gross
deterioration during transport and storage is almost
excluded. Thus, routine post-vaccination tuberculin
testing has become less important. Evaluation, there-
fore, may be largely directed towards another index
of the effectiveness of the programme: the coverage.
It consists of the inspection and counting of local

lesions or scars in samples of the population. In intra-
dermal vaccination with a potent vaccine, a clear
lesion or scar is visible in almost 100% of those
vaccinated. Assessment of coverage, therefore, is rela-
tively simple and requires no special technical skill
(58). It can provide the required information rather
soon, so that corrective action can be taken in good
time.

RtSUME

CONNAISSANCES ACTUELLES SUR L'IMMUNISATION CONTRE LA TUBERCULOSE

Le present article est une revue selective qui, apres
avoir rappele certaines notions immunologiques, analyse
les connaissances actuelles sur l'efficacite protectrice de
la vaccination BCG, les reactions et complications vac-
cinales qui peuvent etre observees, ainsi que les methodes
presentes de production et de contr6le du vaccin. En ce

qui concerne I'application de la vaccination BCG, I'article
accorde une attention particuliere a la posologie et aux
techniques de vaccination, a la vaccination sans epreuve
tuberculinique prealable et la vaccination associee, ainsi
qu'a la revaccination. Enfin, I'evaluation des programmes
de vaccination BCG est brievement examinee.
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