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For quite some time it has been apparent to BCG workers that there are
considerable variations in the tuberculin allergy and local vaccination
lesions resulting from different batches of BCG vaccine. Even when com-
parable groups of children are vaccinated and later tuberculin-tested with
uniform procedures, the effects are appreciably different from batch to
batch. Variations must occur in the vaccine itself, and two simple sources
of variation can be readily conceived.

First, the total number of organisms in the vaccine can hardly be con-
stant. In preparing vaccine, the mass of bacilli grown on the culture medium
is pressed to semi-dryness ; then a fixed weight of this mass is suspended
in diluent. As the weighed mass still contains some moisture, however,
the actual weight of bacilli, and consequently the actual number of organisms
per unit volume of vaccine, can vary conisiderably. Secondly, though vaccine
is prepared with presumably living organisms, some may be killed during
its preparation-for example, in the grinding process-and some may die
from other causes before it is used. Thus, most vaccines may be regarded
as having at least two relatively simple sources of variation: the number
of organisms per ml, and the relative proportion of living and dead bacilli.

The purpose of this paper is to describe the development of tuberculin
allergy and vaccination lesions in children given vaccines in which these
two factors only were deliberately varied. First, ordinary fresh BCG
vaccines were diluted very accurately to different degrees and compared

* This is one of a series of studies on BCG vaccination carried out as a co-operative undertaking by
the Joint Enterprise, the Statens Seruminstitut, and the Tuberculosis Research Office, World Health Organi-
zation, Copenhagen. Four of these studies have already been published by WHO (Bull. World H th Org.
1950, 3, 1, 279; 1952, 5, 245, 333).
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with the same batch of undiluted vaccine. Although the exact number and
character of the bacilli in the undiluted vaccine were unknown, each dilution
contained a known fractional proportion of the same organisms. Secondly,
BCG vaccines killed by heat, light, or long storage were given in various
dilutions to study the effects of dead vaccines in comparison with dilutions
of fresh vaccine. In a third series of studies, mixtures containing various
proportions of both the heat-killed and the fresh vaccines were compared
with the fresh vaccine alone.

These investigations show that there are distinct differences between the
allergy- and lesion-producing capacity of killed and fresh BCG-differ-
ences which must be taken into account in evaluating the field results from
ordinary batches of vaccine. The findings reported here can also contribute
some information leading towards a better understanding of the mechanism
involved in the biological responses of human beings to BCG vaccination.

Material and Methods

The studies reported here are part of an extensive series of investigations
of BCG vaccine and vaccination carried out among Danish schoolchildren.
More than 99% were between the ages of 7 and 14 years, with boys and girls
in about equal numbers. Only those not previously BCG-vaccinated, and
whose reaction to the Mantoux 10 TU test was less than 6 mm of induration,
were vaccinated and included in the study-groups.
A more detailed description of the plan, technique, and study-groups

has been given in the earlier papers (see footnote * to page 201). In each
study differently prepared vaccines were given in rotation as the children
came down the line to the vaccinator ; this design assured that each prepa-
ration was used in a group comparable to those used for the other vaccines.
The field personnel had had intensive training in uniform procedures and
every effort was made to eliminate personal bias from the observations.
Each separate operation was carried out by one person throughout an entire
study, and at no time did the reader know which vaccine was used on any
child.

The fresh vaccines used for these studies were ordinary batches from the
Statens Seruminstitut, Copenhagen, the standard strength (indicated
hereafter as 1/1) containing 0.75 mg of moist-weight bacilli per ml. The
experimental vaccines were prepared from the same batches by placing
ampoules in an incubator at 800C for two hours; by exposing ampoules
to direct sunlight for periods of 10 minutes or 15 hours ; and by storing
ampoules in the refrigerator at 20-40C for one year. The different dilutions
and the mixtures of fresh and heat-killed vaccines were prepared in the
Institute, labelled in code, and sent directly to the field for use.'

a All vaccines were prepared by Dr. Knud Tolderlund.
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All vaccinations were given in the left-shoulder region by injecting
0.1 ml intradermally. Vaccination lesions were read at 7-10 weeks by
measuring the transverse diameter of palpable induration.

Tuberculin-tests were given before vaccination, and at 7-10 weeks and
one year after vaccination, by injecting, intradermally, 10 tuberculin units
(TU) (0.0002 mg) in 0.1 ml of diluent in the mid-dorsal forearm. Freshly
prepared dilutions of a single batch of purified protein derivative (PPD) b
were used for all tests. Reactions were read at 72 hours by measuring
the transverse diameters of both erythema and induration. No attempt
was made to classify the reactions as positive or negative ; the induration
was carefully palpated, then measured and recorded.

Comparison of Living and Dead Vaccine in Different Dilutions

This section gives the results obtained when dilutions of heat-treated
vaccine were compared with dilutions of the same batch of fresh vaccine,
non-heat-treated and presumably living. These two vaccines will be referred
to simply as " dead " and " living ", though the living vaccine undoubtedly
contained some naturally dead organisms. The effects of BCG killed by
other methods will be discussed in a later section.

Egffect on development of tuberculin allergy

The Mantoux tuberculin-reactions of BCG-vaccinated persons are
generally grouped (by size of induration) rather symmetrically around one
single central value. They form a typically unimodal distribution, and the
size of the central reaction appears to depend on the particular batch of
vaccine used. Studies of the effect of diluting vaccine showed some varia-
tions in the results, but certain characteristic features found with all pre-
sumably living vaccines are illustrated in fig. 1 (A).

This figure shows frequency distributions by size of Mantoux 10 TU
tuberculin-reactions 7 weeks after vaccination with five dilutions of fresh
BCG, from 1/1 down to 1/10,000, each given to about 50 children. Even
when such extremely weak dilutions are used, the basic unimodal pattern
of the distributions remains unchanged. The effect is essentially that the
distribution is moved closer to zero with each successive dilution ; the
central peak becomes somewhat flattened because of an increasing dispersion
of the reactions, and there is also some skewing as more reactions measure
0-2 mm in size.

The results from two dilutions of dead vaccine, 4/1 and 1/1, used in
the same study, are shown in fig. 1 (B). It is seen that the average level

b Statens Seruminstitut lot RT XIX-XX-XXI
c Cultures from undiluted samples of the heat-treated vaccines used in these studies revealed no growth

after eight weeks on Lowenstein's medium.
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FIG. 1. FREQUENCY DISTRIBUTIONS BY SIZE OF INDURATION
OF MANTOUX 10 TU REACTIONS IN 363 SCHOOLCHILDREN 7 WEEKS

AFTER VACCINATION WITH DILUTIONS OF LIVING BCG (A) AND DEAD BCG (B)
PREPARED FROM THE SAME BATCH
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See also table 1. (All tables have been grouped at the end of
the paper-see page 219.)

of allergy from 4/1 of dead BCG is a little above that from 1/1,000 of
living, and 1/1 of dead is a little stronger than 1/10,000 of living. One
might therefore expect that the distributions would be rather similar, buta
X2 test reveals a statistically significant difference. In contrast to the essen-
tially unimodal patterns produced by all living vaccines, the distributions
for dead BCG give a definite impression of being bimodal. The 4/1 dilution
of dead vaccine, for example, tends to produce two groups of reactions,
one below about 8 mm in size, the other above 12-14 mm. With dilution
to 1/1, there are fewer subjects in group (B), and the majority are in group
(A). Thus, with living BCG there seems to be a direct continuous relation
between the number of organisms injected and the degree of allergic
response. With dead BCG, however, the effect is something like an
all-or-none response. This contrast between the allergy production of
living and dead bacilli has been confirmed in several other studies.
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The drop in mean allergy resulting from successively decreasing dilutions
of living and dead BCG is shown more clearly in fig. 2, using the same data
as in.the previous figure. The dilution of vaccine is plotted logarithmically

FIG. 2. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS
IN 363 SCHOOLCHILDREN 7 WEEKS AFTER VACCINATION WITH DILUTIONS OF

LIVING BCG AND DEAD BCG PREPARED FROM THE SAME BATCH
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See also table 1.

along the abscissa, and the mean size of the Mantoux reactions along the
ordinate. The decrease in mean size by diluting the living from 1/1 to
1/10 is not very great, but further dilution causes a drop of 3-4 mm for each
tenfold dilution. More important, however, is the finding that the mean
allergy drops more rapidly by diluting dead BCG than by a corresponding
dilution of living BCG. A fourfold dilution of the former (from 4/1 to 1/1)
causes the same decrease in allergy as a twelvefold dilution of the latter
(from 1/500 to 1/6,000).
A third characteristic of the allergy produced by dead BCG can be

seen in the results from another study where the post-vaccination testing
has been completed at both the 10-week and one-year periods. In this
material, 4/1, 1/1, and 1/4 dilutions of dead vaccine were compared with
1/1, 1/100, and 1/1,000 of living. The mean sizes of Mantoux lb TU reactions
at 10 weeks for each group of about 35 children are shown in fig. 3 (A),
the one-year results in fig. 3 (B). Comparison of the curves in the two
sides indicates clearly that allergy develops more slowly after vaccination
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with dead BCG. A 4/1 dilution of dead BCG is just sufficient to give the
same mean allergy at 10 weeks as living vaccine diluted to 1/500 (as in fig. 2),
but after one year it corresponds to 1/10 of living vaccine. The dilution
curve for the dead vaccine is also steeper than for the living, as shown
most clearly in the one-year results, in accordance with the findings in
fig. 2.

FIG. 3. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS IN
235 SCHOOLCHILDREN 10 WEEKS (A), AND 204 SCHOOLCHILDREN ONE.YEAR (B),
AFTER VACCINATION WITH DILUTIONS OF LIVING BCG AND DEAD BCG

PREPARED FROM THE SAME BATCH
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See also table Ill.

Effect on development of vaccination lesions

The size of the lesions which develop at the site of injection of the
vaccine decreases as the vaccines are diluted, but again the rate of decrease
is not the same for living and dead vaccine. Fig. 4 gives the mean size of
lesions at 10 weeks for the two vaccines shown in fig. 3. It appears that the
slope for the dead BCG is somewhat steeper: a smaller dilution causes a
relatively greater reduction in the size of the lesion. A 4/1 dilution of
dead BCG is equivalent to 1/1 of living BCG, yet 1/4 of dead produces
smaller lesions than 1/100 of living vaccine.

Frequency distributions by size of vaccination lesions for the two
vaccines are shown in fig. 5. Both produce slightly skewed distributions
which move towards zero with successive dilutions, but none of these
distributions deviates significantly from a unimodal shape. Thus, the
separation of two groups which appeared in the allergy production by
dead BCG cannot be demonstrated by the size of local lesions.
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FIG. 4. MEAN SIZES OF INDURATION OF VACCINATION LESIONS
IN 235 SCHOOLCHILDREN 10 WEEKS AFTER VACCINATION WITH DILUTIONS

Of LIVING BCG AND DEAD BCG PREPARED FROM THE SAME BATCH
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FIG. 5. FREQUENCY DISTRIBUTIONS BY SIZE OF INDURATION
OF VACCINATION LESIONS IN 235 SCHOOLCHILDREN 10 WEEKS AFTER
VACCINATION WITH DILUTIONS OF LIVING BCG (A) AND DEAD BCG (B)

PREPARED FROM THE SAME BATCH
A B

See also table IV.
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Relation between tuberculin allergy and vaccination lesions

The relation between the tuberculin allergy and the vaccination lesions
produced by living BCG is compared with the corresponding relation for
dead BCG in fig. 6, based on the data shown in fig. 3 and 4. The mean
size of the Mantoux 10 TU reactions 10 weeks after vaccination is plotted
along the abscissa, and the mean size of the vaccination lesions along the
ordinate ; points representing the three dilutions of dead BCG are connected
to make one curve, and those for the three dilutions of living BCG to make
the other.

FIG. 6. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS
AND VACCINATION LESIONS IN 235 SCHOOLCHILDREN 10 WEEKS AFTER
VACCINATION WITH DILUTIONS OF LIVING BCG AND DEAD BCG PREPARED

FROM THE SAME BATCH
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See also tables III and IV.

If allergy were related to the size of the lesion in the same way for
both living and dead vaccine, then all six points would jointly depict a
single curve-the line connecting the points for one vaccine would either
be superimposed upon, or would be a prolongation of, the line for the
other. The two curves are, however, distinctly separated. Dead vaccine
in 4/1 strength gives slightly higher mean allergy than 1/1,000 of living
vaccine, although the vaccination lesions are similar in size to those produced
by 1/1 of living vaccine. Also, 1/4 dilution of dead vaccine gives much
weaker allergy than 1/1,000 of living BCG, yet the vaccination lesions are
a little larger. It is therefore apparent that though two vaccines produce
vaccination lesions of the same average size, they can cause significantly
different levels of allergy and, conversely, the same mean levels of allergy
may be associated with significantly different vaccination lesions. The factors
responsible for producing allergy must, to some extent, be independent
of those responsible for producing vaccination lesions.
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Conclusions

In summary, living and dead vaccines in different dilutions have been
studied by two measurable effects of vaccination-tuberculin allergy and
vaccination lesions. The mean size of both effects is found to decrease as
the vaccines are diluted, but the decrease is more rapid for the dead than
for the living BCG. Furthermore, dead BCG produces somewhat smaller
lesions than an equal dilution of living BCG, but the allergy production
is relatively more depreciated, and the allergy also develops more slowly.

Comparison of Mixtures of Living and Dead Vaccine

The results in the preceding section show that there must be some
basic difference between dead and living BCG in respect of the factors
responsible for the production of vaccination lesions and tuberculin allergy
in human beings. Any specified combination of mean size of lesion and
mean size of allergy produced by dead BCG cannot be duplicated by any
dilution of living BCG. From a practical standpoint, however, it is important
to know how an unknown and varying proportion of killed or damaged
bacilli, undoubtedly present in most vaccines, may affect the results of
vaccination. For if the effect of the " dead fraction " in ordinary vaccines
is analogous to that found when heat-killed bacilli are used, then consider-
able variations would be expected as more or less of the organisms were
killed in the routine preparation and handling of the vaccine.

This section describes the results from two studies of vaccines prepared
to contain a known fraction of dead bacilli. In one study, a vaccine com-
posed of 1% living + 99% dead BCG was compared with 100% living
BCG. Both preparations were used in 1/1, 1/10, and 1/100 dilutions, with
a further dilution of 1/900 for the living vaccine only; there were about
40 children in each group. In the other study, living vaccine diluted to 1/1,
1/4, 1/16, 1/64, 1/256 with the usual Sauton diluent was compared with a
corresponding series in which 1/1 of dead vaccine (prepared from the same
batch) was used as the diluent. Thus, all " dilutions " in this second series
were in fact standard strength but with successively higher proportions of
dead organisms: 1/1 of living, 1/4 o£ living + 3/4 of dead, 1/16 of living
+ 15/16 of dead, etc., down to 1/256 of living + 255/256 of dead and,
finally, 1/1 of dead. Each preparation in this study was given to about
40 children.

Effect on development of tuberculin allergy

As expected, some of the properties previously described as character-
istic of completely dead vaccine were also observed with vaccines containing
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a high proportion of dead bacilli. The mean size of Mantoux 10 TU reac-
tions 10 weeks after vaccination is shown in fig. 7 for dilutions of 100%
living, and of 1 % living + 99% dead BCG. Here, comparison of the two
curves shows that the effect of mostly-dead vaccine is reminiscent of com-
pletely dead vaccine ; it produces lower allergy and a steeper slope of the
dilution curve (cf. fig. 2, 3). A third characteristic of dead BCG-slower
rate of development of allergy-cannot be shown in this material as the
one-year retesting has not yet been completed.

FIG. 7. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS IN
284 SCHOOLCHILDREN 10 WEEKS AFTER VACCINATION WITH DILUTIONS OF
LIVING BCG AND MOSTLY-DEAD BCG PREPARED FROM THE SAME BATCH
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The mean sizes of the Mantoux reactions resulting from dilutions of
living vaccine are compared in fig. 8 with those from similar dilutions
containing progressively increasing proportions of dead bacilli ; (A) gives
the findings at 10 weeks, (B) at one year. Comparison of the two sides
reveals a slower allergy production from vaccines containing dead bacilli;
this is most pronounced when the proportion of dead bacilli is high. It is
seen that 1/256 of living + 255/256 of dead gives the same mean allergy
as 1/16 of living after 10 weeks, and as 1/6 of living after one year.

An additional finding of critical importance is revealed in this figure
the allergy produced by the combined action of nearly full-strength dead
vaccine and a very small proportion of living vaccine is much greater than

U ' .I
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FIG. 8. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS IN
416 SCHOOLCHILDREN 10 WEEKS (A), AND 328 SCHOOLCHILDREN ONE YEAR (B),
AFTER VACCINATION WITH DILUTIONS OF LIVING BCG AND MIXED LIVING

AND DEAD BCG PREPARED FROM THE SAME BATCH
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See also table VIl.

would be expected from simply adding the two together. It was shown
earlier (in fig. 2) that 1/1 of dead BCG produces the same mean level of
allergy at 10 weeks as 1/6,000 of living vaccine, so that no great increase
in allergy should be expected from adding this quantity of dead bacilli to a
1/256 dilution of living vaccine. Yet, as seen in fig. 8, 1/256 of living +
255/256 of dead BCG (given simultaneously in 0.1 ml) produces the same
level of allergy after 10 weeks as 1/16 dilution of living vaccine alone. The
allergy-producing capacity of living bacilli thus appears to be enhanced
by the presence of dead bacilli (or vice versa)-there must be an interaction
between the two, resulting in an effect which is more than simply additive.

Relation between tuberculin allergy and vaccination lesions

The relation between tuberculin allergy and vaccination lesions 10 weeks
after vaccination for the two series of vaccines is shown in fig. 9 and 10
respectively. The contrast between living and mixed living and dead BCG
is less pronounced but corresponds in principle to that found between living
and completely dead BCG. For example, fig. 9 shows that 1/1 of vaccine
containing 1 % living + 99% dead bacilli causes larger local lesions, but
smaller allergy, than 1/10 of living vaccine alone. In fig. 10, both curves
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FIG. 9. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS AND
VACCINATION LESIONS IN 284 SCHOOLCHILDREN 10 WEEKS AFTER

VACCINATION WITH DILUTIONS OF LIVING BCG AND MOSTLY-DEAD BCG
PREPARED FROM THE SAME BATCH
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See also tables V and VI.
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start from the same point with a common 1/1 living vaccine. As the living
BCG is diluted, as shown earlier, the allergy and the vaccination lesions
are both reduced in size (lower curve). When dead organisms are added
to each successive dilution of living vaccine, however, the resulting curve

(upper) is more horizontal and diverges from the lower curve as the propor-
tion of dead bacilli is increased. This is another way of showing that as the

FIG. 10. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS AND
VACCINATION LESIONS IN 416 SCHOOLCHILDREN 10 WEEKS AFTER

VACCINATION WITH DILUTIONS OF LIVING BCG AND MIXED LIVING AND
DEAD BCG PREPARED FROM THE SAME BATCH
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See also tables VIl and VIII.
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composition of the vaccine gradually changes from living to dead organisms
there is a reduction in the production of allergy which is out of proportion
to the reduction in size of vaccination lesions, as judged by the effect of
diluting completely living vaccine.

Conclusions

In summary, vaccines containing a high proportion of dead bacilli
show the properties found to be characteristic of completely dead vaccine,
but to a lesser degree. In addition, it appears that there must be some
kind of interaction between living and dead BCG in the production of
allergy: living and dead BCG given together result in a higher level of
allergy than would be expected from simply adding the effect of one to that
of the other.

Comparison of Vaccines Killed in Different Ways

The studies discussed in the foregoing sections have dealt with two very
simple and accurately controlled sources of variation in BCG : dilution .of
the vaccine, and change in the proportion of living and dead bacilli. As the
dead bacilli in these investigations were killed by heat, one might question
whether they may differ from bacilli killed or damaged by other methods
before the findings could be applied to differences among fresh, presumably
living, vaccines.

Limited material can be given here suggesting that there is essentially
no difference in the allergy- and lesion-producing capacity of dead BCG
irrespective of the cause of death. A study was designed to investigate
the effects of BCG vaccines killed by heat, sunlight, or long storage ; some
of the results of this study have already been used in fig. 1 and 2. Dilutions
of presumably living vaccine were compared with dilutions of (a) heat-
killed vaccine, (b) light-killed vaccine, (c) vaccine exposed for 10 minutes
to direct sunlight, and (d) standard strength vaccine stored for one year at
20-40C.d All except the year-old vaccine were from the same batch ; each
was given at the same time to comparable groups of about 50 children.

The properties which distinguished heat-killed BCG at the earlier
(7-10 weeks) retesting-i.e., tendency to bimodal frequency distributions of
tuberculin reactions, steeper dilution curve, and dissociation between pro-
duction of allergy and lesions-are found in most of the results from BCG
killed by other methods. The graphical presentation of the results will
therefore be confined to an illustration in fig. 11 of the relation between the
mean size of lesions (ordinate) and mean size of Mantoux 10 TU reactions

d The following average numbers of bacilli per ml ofstandard strength vaccine were obtained from colony
counts on Lowenstein's medium: fresh control 5,450,000; heat-treated, no growth; sunlight (10 minutes),
20,000; sunlight (15 hours), 0.5; one year old, 200.
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(abscissa) for these vaccines. The dilutions used are indicated on the
corresponding points on each curve.

FIG. 11. MEAN SIZES OF INDURATION OF MANTOUX 10 TU REACTIONS AND
VACCINATION LESIONS IN 627 SCHOOLCHILDREN 7 WEEKS AFTER

VACCINATION WITH DILUTIONS OF LIVING, HEAT-KILLED, LIGHT-KILLED,
AND LIGHT-EXPOSED BCG (PREPARED FROM THE SAME BATCH); AND WITH
STANDARD STRENGTH BCG (FROM ANOTHER BATCH) STORED AT 20-4C
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See also tables I and 11.

The most striking finding is that all the dead vaccines show essentially
the same property: a distinct dissociation between the lesions and the
allergy in relation to living vaccine. The curves for the heat-killed and
light-killed vaccines, and the single point for the 1/1 of year-old vaccine,
are very close to one another, and are clearly separated from the dilution
curve for the living vaccine. All the dead vaccines produce low levels of
allergy in relation to the size of the vaccination lesions.

Perhaps it is of even greater interest, from a practical standpoint,
that the BCG exposed to sunlight for just 10 minutes causes about the
same degree of dissociation of effects, in relation to living vaccine, as the
99% dead BCG (cf. fig. 9). In standard strength, the light-exposed BCG
produces a lower level of allergy than 1/10 of living vaccine, but the vaccina-
tion lesions are considerably larger.
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It thus appears that BCG vaccines killed by heat, light, or long storage
behave in much the same way ; the relation between allergy and lesions is
distinctly dissociated from the effects produced by living vaccine. Varia-
tions of the same kind must be supposed to occur among ordinary batches
of BCG used in the field, particularly as it has not been recognized until
quite recently that short periods of exposure to direct sunlight can have
such a great effect on the viability of BCG organisms.

Discussion

In appraising the allergy and vaccination lesions developing in human
beings after injection of BCG, account must be taken of the fact that the
vaccine undoubtedly contains at least two major components, living and
dead bacilli. The total biological activity of each of these two components
is, in many respects, incommensurable with that of the other: each modifies
the results of vaccination in certain characteristic ways. An increasing
proportion of dead bacilli reduces the capacity of the vaccine to produce
lesions as well as allergy; the development of allergy, however, is much
more impaired than the production of lesions, as is seen by comparison
with the corresponding effect of diluted, presumably living vaccine. Also
characteristic of vaccines containing many dead bacilli is the fact that
allergy develops more slowly and there is a more rapid decrease of the
allergy-producing capacity as the vaccine is diluted. Finally, dead bacilli
alone have an extremely low allergy-producing capacity, but the effect
of their addition to living bacilli is unexpectedly great-an interaction
between the two must be assumed.

As an illustration of these points, a 1/1 vaccine containing only dead
bacilli causes vaccination lesions corresponding in size to those produced
by 1/25 of living vaccine ; but it causes an average allergy which at 10 weeks
is equivalent to 1/6,000 of living vaccine and at one year to 1/100 of living
vaccine. Moreover, when the 1/1 of dead vaccine is added to very dilute
(1/256) living vaccine, the allergy produced by the mixture is comparable
to that from a 1/16 dilution of living vaccine alone. This indicates that the
effect of 1/1 of dead BCG in combination with living vaccine must be
considered the equivalent of 1/20, rather than 1/6,000, of living BCG.

Any speculation about the biological reasons for the different effects
of living and dead bacilli will, of course, be rather uncertain. One might
assume; however, that the differences are in some way related to two of
the distinctive properties of living bacilli: their ability to multiply, and their
greater ability to spread from the portal of entry.

Fig. 12 is intended to illustrate schematically how the multiplication
of bacilli might have an influence on the dose-response curve (dilution
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curve) for a vaccine. The horizontal scale indicates time after injection
and the vertical scale the number of bacilli present at different times. The
two curves L1 and L2 illustrate the number of bacilli developing from two
doses having a ratio of 2:1. After an initial drop (not included in the
figure) the number of bacilli will increase-probably exponentially-during
a certain period. Eventually, however, the increasing resistance of the host
and perhaps other conditions will reduce the rate of multiplication; the
number of bacilli will reach a maximum and then decrease again. The
initial ratio between the number of bacilli developing from the two doses,

FIG. 12. SCHEMATIC ILLUSTRATION SHOWING THE POSSIBLE EFFECT
OF MULTIPLICATION OF BACILLI ON THE RATIO BETWEEN BIOLOGICALLY

EFFECTIVE DOSES OF LIVING AND DEAD VACCINES

Di

5
0

TIME AFTER INJECTION

L1, L2 = living bacilli
D1, Dt = dead bacilli

being 2:1 in the example chosen here, will remain unchanged as long as
there is an exponential increase. It is quite possible, however, that this
ratio may be reduced when the rate of multiplication begins to decline,
i.e., when the curve starts to become flattened. If, in addition, the degree
of response of the host depends on the number of bacilli present after a
certain time, or on the maximum number of bacilli finally reached, then
the ratio between the effective doses of the two vaccines could be smaller
than 2:1 (as indicated at the point of time, T, in fig. 12).

With dead bacilli, on the other hand, a corresponding reduction of the
initial ratio between the doses could not occur. If one dose of dead bacilli,
D1, were adjusted to be equivalent to the effective dose of L1, then half
this dose of dead bacilli, D2, would not be sufficient to substitute for the
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effective dose of L2. This hypothetical explanation may account for the
finding that a dilution of dead bacilli causes a greater drop in biological
response than a corresponding dilution of living bacilli.

The rate of spread of the bacilli will also be of importance if production
of allergy depends on the action of bacilli, or substances fronf the bacilli,
in certain central organs of the host, such as the spleen and the lymphatic
system. If living bacilli can spread more rapidly than dead to these organs,
and can also multiply there, then it is reasonable to expect that they will
produce a higher level of allergy than dead bacilli in relation to the size
of the local lesions. Moreover, this allergy from living bacilli would be
produced more rapidly.

It is more difficult to suggest a satisfactory explanation for the bimodal
frequency distributions of the Mantoux reactions produced by dead BCG.
The finding may also be related in some way to the mechanism of spread,
as the local lesions from dead BCG have unimodal distributions resembling
those produced by living BCG.

The phenomenon of interaction between living and dead bacilli might
be explained in several ways. The living bacilli in mixtures with dead
bacilli could be more effectively distributed in separate bacillary units,
since dead bacilli may act as a spreading agent. The presence of dead bacilli
could also facilitate the multiplication and spread of the living bacilli by
engaging the local cellular defence of the host, or even by serving as nutrition
for the living bacilli.

All this is purely speculative, of course, for we know very little about
the mechanics involved in the response of the human organism to BCG.

Regardless of the mechanism, however, these studies have shown that
there are distinct differences between the biological actions of living and
dead bacilli, and these differences have important practical implications.
They are relevant to the problem of producing a stable vaccine (one with
more predictable results), to the problem of standardizing vaccines, and
to the practical evaluation of field results. Because of the different pro-
perties of living and dead bacilli, vaccines containing different proportions
of the two are obviously not of the same composition, they are qualitatively
different. It is quite possible, moreover, that the simple ratio between living
and dead bacilli is not the only source of qualitative variation between
vaccines. Different strains of living BCG, or strains cultured or treated in
different ways, may also differ in their biological activities. Only vaccines
having a constant ratio between all components of different biological
significance can be declared qualitatively equal. They may still vary quanti-
tatively-a proportional change may occur in the concentration of all
constituents simultaneously.

An immediate practical implication of this distinction is that a quanti-
tative difference can be eliminated by adjusting the dosage, but a qualitative
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difference cannot. The allergy and lesions produced by a given vaccine
cannot be duplicated by any change in dosage of a vaccine which differs
from it qualitatively. Recognition of qualitative differences, and of their
causes, is therefore essential for the preparation of uniform vaccines, as
well as for the standardization of BCG.

The use of qualitatively equal vaccines is of particular importance if
one measurable effect of vaccination is used to estimate the degree of other
effects. The basis for such a practice in BCG work is obviously an assump-
tion that a stable relation exists between the different effects produced by
vaccination. This ussumption might be justified if all BCG vaccines were
qualitatively equal, even if different components are in fact responsible
for different effects. But wholly unwarranted conclusions may be drawn
if the relation between the effects is affected by unknown qualitative varia-
tions of the vaccines. For example, if there is an unknown proportion of
dead bacilli in the vaccine- and this is bound to be the case in many of the
presumably living vaccines in everyday use-the prediction of allergy by
the size of vaccination lesions, and vice versa, can be misleading.

It could be asserted that dissociation between the production of lesions
and allergy is not critical, because both can be measured, but this dissocia-
tion implies that the two effects cannot both be used to measure immunity
following vaccination. If allergy is used in practice as a measure ofimmunity,
then the size of the vaccination lesion obviously cannot also be considered
a reliable index of immunity. Conversely, if the size of the lesion is used
to indicate a successful vaccination-a "good take"-then allergy does not
always measure the same thing. Moreover, because these two measurable
effects of vaccination may be dissociated in ordinary BCG, what evidence
is there to suggest that immunity may not also be dissociated from either-
or both ?

The most urgent question for determining the efficiency of BCG vacci-
nation in practice is whether, and under what circumstances, the production
of immunity can be separated from the production of allergy and lesions.
We need to know if some vaccines can produce allergy but no immunity,
or if the two always run parallel to one another. This must be investigated
primarily in animals where immunity can be measured by protection tests.
With the addition of protection tests, qualitatively different vaccines could
be studied in animals with an experimental design similar to the one used
here for determining the relation between lesions and allergy in humans.
It should be possible in this way to clarify the relation of immunity to the
development of allergy and vaccination lesions. Until these critical questions
are answered, however, there is little evidence to suggest that either allergy
or a vaccination lesion is necessarily a reliable index for the production of
immunity-the ultimate purpose for which BCG is being so widely used
today.
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TABLE I. DISTRIBUTION BY SIZE OF INDURATION OF MANTOUX 10 TU
REACTIONS 7 WEEKS AFTER VACCINATION WITH VARIOUS DILUTIONS OF
FRESH VACCINE AND VACCINE DAMAGED BY DIFFERENT PHYSICAL AGENTS

Character and strength of BCG

It
fresh untreated tr

at

1 1 1 1 1 4
1 10 T6U0 iooo00 10,000o 1

2

4

3
6
10
5
6

4

1
1

47

21.0

3.4

3

S

2

3
9
10
10
3
3

15
10
3

56

1

2

3

4

3
2

3

3

3

6
2

2
6

2

49

2
3

2
2
4

3
3
3
7

1

5
3

3
2
2

50

18.8 13.7 9.9

4.0 5.4 4.8

1 1

7 2

4 7

9 3

6 5
5 1

3 1

2 2

2 1
2 1
3 1

2 1

1 1

21 3
13
1 1

- 2

3

-

11 3

-

_

- 1
_

53 50

6.1 11.<

4.9 7.'

vaccine' (in fractions of standard)

heat- exposed to sunlight steodr-
eated one
hours year
80°0) 10 minutes 15 hours 2at40C

1 1 1 4 1 1
1 1 100 1 1 1

4 4 5 56 5
4 1 4 3 3 6
9 - 7 5 7 14

13 - 7 4 11 6

5 2 9 4 3

2 - 1 2 4 4

1 - 2 6 2
3 1 6 1 1 -

1 1 4 2 3 2

1 1 2 36 5 .
- 1 2 2 1 4

4 2 4 1 - 1

2 1 1 1 - 1

- 3 - 1 1 2

3 3 1 2 1 1

- 3 2 3 2

2 8 - 2 1-

1 4 - 3 1 1
- 1 - 2 1 1

9 2 1

1. 17. -. 9- 6- 6-

6.1 5.2 4.3 6.7 5.4 5.4

Induration
(mm)

0

2

3
4

5
6
7
8
9
10

11
12

13
14

15
16
17
18
19
20
21

22
23
24
25
26
27
28
29

Total

Mean

Standard
deviation
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TABLE II. DISTRIBUTION BY SIZE OF INDURATION OF VACCINATION LESIONS
7 WEEKS AFTER VACCINATION WITH VARIOUS DILUTIONS OF FRESH VACCINE

AND VACCINE DAMAGED BY DIFFERENT PHYSICAL AGENTS

Character and strength of BCG vaccine (in fractions of standard)

fresh untreated

1 1 1 1 1
1 010 10 1, 0,000

_ 1 14 35

_ 5 4

_ 15 15 9

_ 11 18 10 5

2 21 12 6

2 7 3

6

8 5 -

R 1 -

1 2

1

4

2

3

heat-treated
(2 hours
at 800C)

4 1

3

5

5

9

2

5

6

7

2

2

5

13

18

10

5

3

2

exposed to sunlight

10 minutes 15 hours

1 1 4 1
1 100 |1 1

19

8 - 1

12 1 1

2 9 5 9

11 2 10 21

13 9 15

8 - 6 3

3 7 3

7 5 2

2 1

4

2

2

stored
oneyear
at 2o-4oC

1
1

5

9

14

10

6

3

2

Total 47 56 49 50 53 50 58 52 50 56 56 50

Mean 9.1 5.0 3.0 1.8 0.7 8.2 4.3 6.2 1.3 6.8 4.5 4.5

Standard 3.0 2.1 1.0 1.4 1.1 4.1 1.8 2.4 1.3 3.3 1.5 1.7deviation

Induration
(mm)

0

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

1 9

20

21

22

1

1

1

1
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TABLE III. DISTRIBUTION BY SIZE OF INDURATION OF MANTOUX 10 TU
REACTIONS 10 WEEKS AND ONE YEAR AFTER VACCINATION WITH LIVING
(FRESH UNTREATED) AND DEAD (HEAT-TREATED) VACCINES IN VARIOUS

DILUTIONS

Character and strength of BCG vaccine (in fractions of standard) 1

Induration
(mm)

fresh untreated heat-treated reated heat-treated(2 hours at 800C) fehutaed (2 hours at 800C)

1 1 1 4 1 1 1 1 1 4 1 1
t r i a1000iT T ek Manto,ux 0r 1 1 7

Mantoux reactions after 10 weeks Mantoux reactions after one year

0 - 1 4 - - 2 - - 1
1 - ~~~~~13,1 4 2 1 - 4

2 - 1 2 3 5 1 3 - - 2
3 1 1 2 3 6 1 :- 6
4 - 2 3 4 1 1 5 2
5 1 2 2 5 5 1 2 1 2
6 1 3 - 12 - - 1

7 1 2 1 2 2 3 5 - - 2
8 2 1 1 3 1 2 - 1

9 1 3 - 2 2 1 2 - 2
10 4 6 - 1 4 - - - 1
1 1 1 4 2 1 1 - 2 1 - - 2
12 1 5 5 2 1 - - 3 2 1 - -

13 8 3 7 - - - 2 - 1 2
14 2 2 2 2 2 - 9 5 1 1 -

15 8 5 2 3 1 2 - 2 - 1 1 -
16 6 5 1 3 - 1 1 3 i'l 2 2
17 6 - i2 - - 3 1 4 1 -
iR 4 5 - - l - 8 2 1 3 3

19 8 - - 1 - 3 3 - 9 5 3
20 8.5 2 - 1 1 -
21 2 1 - 1 - - 5 1 - - 2 -

22 1 1 - 1 1 - 7 - - 1 1 -

23 - - -- - 4 2 - 1 1 -

24.1 - - 1 - 1
25.2 - -

26.1 1 - - - -
27.1 1 - 1 - -

Total 46 44 39 39 29 38 39 41 34 31 25 34

Mean 17.5 13.1 9.4 10.4 7.7 4.7 20.4 14.4 8.3 17.1 14.9 7.7

Standard 2.3 4.0 3.8 6.2 5.4 4.2 2.5 5.6 5.3 6.2 6.6 6.4

_ _ .
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TABLE IV. DISTRIBUTION BY SIZE OF INDURATION OF VACCINATION LESIONS
10 WEEKS AFTER VACCINATION WITH LIVINO (FRESH UNTREATED)
AND DEAD (HEAT-TREATED) VACCINES IN VARIOUS DILUTIONS

Induration
(mm)

0

2
3
4

5
6
7

8
9
10
11
12

13
14

15
16
17

18
19
20
21
22

23
24

25
26
27
28
29
30

Total

Mean

Standard deviation

Character and strength of BCG vaccine
(in fractions of standard)

fresh untreated

1

2
l

5
10
7

9
3
3
2

2
2

46

1
100

2

6
15
11

7

44

9.5 3.4

2.4 1.4

1
1,000

12

3
7

9
4

3

39

2.1

1.8

heat-treated
(2 hours at 800C)

4 1
1 1

4

8
3
2
3
4
2
2

2
2

2

1

39

9.7

5.7

3
5
9

5

1

29

. -

5.3

3.2

4

3
2
9
14
7

38

2.9

1.5



BCG-VACCINE STUDIES. 5 223

TABLE V. DISTRIBUTION BY SIZE OF INDURATION OF MANTOUX 10 TU
REACTIONS 10 WEEKS AFTER VACCINATION WITH LIVING (FRESH UNTREATED)

AND MOSTLY-DEAD (99% HEAT-TREATED +1% UNTREATED) VACCINES
IN VARIOUS DILUTIONS

Induration
(mm)

0

1
2
3
4
5
6
7

8
9

10
11
12

13
14

15
16
17
18
19
20
21

22
23
~4
25
26
27
28
29

Total

Mean

Standard deviation

Character and strength of BCG vaccine (in fractions of standard)

100% fresh untreated

1

_

4

6
8
5
7

3
5

43

20.1

2.8

1
10

1

2
2
6
2

8

3
2

3
4

4

38

17.6

3.1

1
100

1

2

6
4

4

3

3
2

2

3

1

3

38

14.2

4.2

1
900

5

5

3
2

2
2

2

4

4

2
2

2

39

9.8

4.7

99% heat-treated (2 hours at
800C) +1% fresh untreated

1 1 1
1 TO 100

16 81 - 1

4

3

- 1 8
- 1 4

1

1 - 4
- 1 4
- 11 3

3 3

1 2 1
- 4 2

3 8

1 2

8 7 1

7 3

9 6 -

9 3 -

3

44

16.9

3.5

43

14.6

3.5

39

6.7

3.8

1
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TABLE VI. DISTRIBUTION BY SIZE OF INDURATION OF VACCINATION LESIONS
10 WEEKS AFTER VACCINATION WITH LIVING (FRESH UNTREATED)

AND MOSTLY-DEAD (99% HEAT-TREATED +1% UNTREATED) VACCINES
IN VARIOUS DILUTIONS

Character and strength of BCG vaccine (in fractions of standard)

100 % fresh untreated 99% heat-treated (2 hours at
800C) + 1 % fresh untreated

1 1 1 1 1 1 1
1 10 100 900 1 10 100
_ ~ ~~~I il

3

1

6

4

5

5

2

6

1

2

1

4

6

8

7

6

1

13

6

4

7

8

l

2

2

5

4

5

5

5

3

5

2

2

8

13

13

4

12

8

6

9

3

Induration
(mm)

0

1- 2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

3

3

7

4

3

5

2

5

4

2

1
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TABLE Vil. DISTRIBUTION BY SIZE OF INDURATION OF VACCINATION LESIONS
10 WEEKS AFTER VACCINATION WITH VARIOUS DILUTIONS

OF LIVING (FRESH UNTREATED) VACCINE AND WITH MIXED LIVING
AND DEAD (HEAT-TREATED) VACCINES IN DIFFERENT FRACTIONAL

PROPORTIONS

Composition of BCG vaccine

fractional strength of untreated component

1 1 1 1 1 1 1 1 1
;1f1 4 r16 sr64 ng256o 4h r 16 o 64po 256

. ~~~fractional strength of heat-treated component

4 -It

1

6
20
4
4
3
3

2

46

6.2

2.4

63 255 1
164 256 1 1

- 1 ~~~2
-t 1 12

1 3 5
10 12 9
14 14 11
8 4 1
9 4 _
1 6 _
3 1 _
3 1 _

2 2

- 1

_ _.

_ 1 -

53 52 29

6.4 6.4 3.9
_.4

2.4 4.4 1.4

0 0
3 15

0 A

Induration
(mm)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Total

Mean

Standard
deviation

~

_ 1

1 13
5 15
7 2
5j 4
6 3
6
5 1
2 -

1
1 _

1

45 29

8.9 5.7

3.8 1.5

5
12
12
8
4
1

42

1.9

1.3

1

9
8

12
2
3

1

_

37

3.6

1.7

6
1

16
11
4

38

2.2

1.2

_

4
8
6
5
6
7
3
1

2

1

45

7.7

3.7
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RE1SUMt

Differences in field results of BCG
vaccination may originate from at least
two readily visualized sources of variation
in the vaccine: (1) the total number of
BCG organisms per unit volume, and
(2) the proportion of living and dead
organisms. A series of field studies was

made to determine the effect of deliberately
varying these two simple factors on post-
vaccination allergy and vaccination lesions.

Regular batches of fresh, presumably
living BCG were diluted very accurately
to various degrees from standard strength
(0.75 mg/ml) to 1/10,000, and then used
for vaccinating schoolchildren. Compar-
able groups were given various dilutions
of heat-killed, light-killed, and light-
exposed vaccine (prepared from the same
batch) ; standard strength vaccine (from
another batch) stored for one year at
20-40C; and mixtures of living and heat-
killed BCG in various proportions. Local
lesions were measured after 7-10 weeks,
and Mantoux 10 TU reactions after the
same interval and again after one year.
Uniform procedures were used throughout
each study, and every effort was made to
eliminate personal bias from the obser-
vations.

Each tenfold dilution of fresh vaccine
caused a reduction of roughly 3-4 mm in
the mean size of the tuberculin reactions
and the vaccination lesions after 10 weeks.
The frequency distributions for both types
of reaction were unimodal for all dilu-
tions, the effect of dilution simply being
a progressive movement of the central
value towards zero.

Dead BCG, in general, produced smaller
vaccination lesions and considerably smal-
ler tuberculin reactions than the same

Les resultats divergents observes au

cours des campagnes de vaccination au

BCG peuvent etre imputables a la variation
de deux caracteres du vaccin, aisement mis
en evidence: 1) le nombre total d'orga-
nismes BCG par unite de volume; 2) la
proportion respective de bacilles morts et
de bacilles vivants. Une serie d'etudes
pratiques ont ete institu6es : on a fait
varier experimentalement ces deux facteurs
simples afin d'etablir leur r6le dans
l'allergie postvaccinale et les lesions
vaccinales.
Des lots ordinaires de BCG frais, sup-

poses vivants, ont et soumis, avec une

grande precision, a une serie de dilutions,
allant de la concentration normale (0,75
mg/ml) a 1/10.000 de cette quantite; ils
ont ete ensuite utilises pour la vaccination
d'enfants d'age scolaire. On a injecte a
des groupes d'enfants, de conditions com-
parables, des dilutions diverses de vaccin
tue par la chaleur, tue par la lumiere, ou

expose A la lumiere (provenant d'un meme
lot) ; du vaccin de concentration normale
(provenant d'un autre lot), conserve pen-

dant une annee A 2-40C; des melanges,
en diverses proportions, de BCG vivants
et de BCG tues par la chaleur. On a mesure
les reactions locales apres 7-10 semaines,
les reactions au Mantoux 10 UT apres le
meme temps, puis apres une annee. Des
procedds uniformes ont ete appliques au

cours de chaque etude, et les precautions
necessaires ont e prises pour eliminer
tout element personnel susceptible d'affec-
ter l'exactitude des resultats.
Chaque dilution du vaccin frais au

dixieme a entraine une diminution d'envi-
ron 3-4 mm du diametre moyen des
reactions A la tuberculine et des lesions
vaccinales, observees apres 10 semaines.
Les distributions de frequence, pour les
deux types de reactions, etaient uni-
modales pour toutes les dilutions ; 1'effet
de la dilution correspond simplement A

un abaissement progressif de la valeur
centrale vers zero.
Le BCG tue a produit, en general, des

lesions vaccinales moins etendues et des
reactions A la tuberculine considerable-

SUMMARY
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quantity of living BCG. In addition,
certain other properties distinguished the
effects of living and dead vaccines:

(1) In contrast to living BCG, the
allergy production of dead BCG tends to
separate two groups among the test
subjects.

(2) A dilution of vaccine causes a more
rapid drop in the biological effects of dead
BCG than in the effects of living.

(3) In relation to the size of the lesions,
dead BCG produces much lower allergy
than living BCG.

(4) This allergy also develops more
slowly.

(5) Finally, the allergy production of
living and dead BCG together is greater
than expected-somne sort of interaction
between the two must occur.

The different effects of living and dead
BCG are perhaps in some way related
to the multiplication and greater rate of
spread to central organs which characterize
living bacilli in contrast to dead.

The findings presented here are relevant
for the production of uniform vaccines
with predictable results, for the problem
of standardizing vaccines, and for the
practical evaluation of field results.
Because of the different properties of living
and dead bacilli, vaccines containing
different proportions of the two are
obviously not of the same composition:
they are qualitatively different. Further,
the dissociation between the allergy and
lesions produced by the two kinds of
organism invalidates the prediction of one
effect by the size of the other. It follows
that these two effects cannot both be
used independently to measure immunity
after BCG vaccination.

These considerations strongly indicate
that the relation of immunity to the
allergy and lesions produced by qualita-
tively different BCG vaccines must be

ment plus faibles que le BCG vivant, les
quantites inoculees etant les memes.
D'autres caracteres encore distinguent les
effets du vaccin vivant de ceux du vaccin
mort:

1) Contrairement au BCG vivant, le
vaccin tue produit des reactions allergiques
de deux categories, parmi les sujets soumis
t 1'experience.
2) La dilution provoque une baisse plus

rapide des effets biologiques du vaccin tue
que de ceux du vaccin vivant.

3) Le BCG tue produit une allergie plus
faible que le BCG vivant - celle-ci etant
evalu&e d'apres la dimension des lesions.

4) Cette faible allergie se developpe
aussi plus lentement.

5) L'allergie produite par l'association
de BCG vivant au BCG tue est plus grande
que celle que l'on pouvait escompter;
une sorte d'interaction entre les deux types
de vaccin doit se produire.

Les effets differents produits par le BCG
vivant ou par le BCG tue ont peut-etre
quelque rapport avec la multiplication et
la plus grande rapidite de cheminement
vers les organes centraux, qui caracterisent
les bacilles vivants.

Les observations relatees ici contribue-
ront 'a la solution de divers problemes:
production de vaccins uniformes donnant
des resultats previsibles ; standardisation
des vaccins; evaluation pratique des
resultats des vaccinations en serie. Etant
donne les proprietes differentes des bacilles
morts et des bacilles vivants, les vaccins
contenant des proportions variables des
deux types n'auront certainement pas la
meme composition; ils sont qualitative-
ment differents. En outre, du fait qu'il
n'y a pas de relation entre I'allergie d'une
part et les lesions d'autre part, produites
par les deux types d'organismes, il n'est
pas possible de prevoir l'un des effets par
l'intensite de l'autre. I1 s'ensuit que ces
deux effets, consideres independamment,
ne permettent pas d'evaluer l'immunite
post-vaccinale.
A la suite de ces experiences, il apparait

urgent d'etudier la relation entre l'immu-
nite d'une part, l'allergie et les lesions
vaccinales produites par des vaccins quali-
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studied, and that large-scale investiga-
tions should be carried out in laboratory
animals where immunity can be measured
by protection tests.

tativement differents, d'autre part. Des
recherches etendues devraient etre entre-
prises sur les animaux de laboratoire, chez
lesquels l'immunite peut etre evaluee par

des tests de protection.
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