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EXPERIMENTAL STUDIES OF VACCINATION,
ALLERGY, AND IMMUNITY IN TUBERCULOSIS

1. Design for a Research Programme

TUBERCULOSIS PROGRAM, PUBLIC HEALTH SERVICE, USA *

SYNOPSIS

With the growing popularity of BCG vaccination in tuberculosis
control programmes, the tuberculin test has become a widely ac-
cepted means of determining the success of vaccination, despite
persistent disagreement in scientific circles about the relation between
skin sensitivity to tuberculin and acquired resistance to tuberculosis.
With little hope today of solving the allergy-immunity problem by
studies on human beings, and because of the urgent practical need for
guide-lines for international mass BCG campaigns, a research pro-
gramme in laboratory animals has been patterned on extensive
studies of BCG vaccination and post-vaccination allergy in school-
children.

The programme, composed of a series of separate but interrelated
projects, is not primarily concerned with the academic intricacies
of the allergy-immunity problem. Rather, it has more directly
practical objectives. First, to reproduce as nearly as possible in
animals what is now being done in vaccination programmes in
human beings, in order to compare, in the two species, the responses
that are readily observable in man. Secondly, by challenging the
vaccinated animals with virulent organisms, to study the association
between those responses and resistance to virulent infection. Finally,
from the results so obtained, to determine whether and to what extent
some observable response to vaccination can be used (by analogy)
as a practical guide to the successful vaccination of man.

The experimental design takes into account variation in the
animals, the vaccines, the challenge infection, and other pertinent
factors. Large numbers of animals and randomization procedures
have been necessary to ensure that all kinds of variation-biological,
sampling, observer errors, etc.-are reduced to a minimum and
distributed by chance among the various experimental groups.
Observations and techniques common to the projects so far under-
taken in the programme are described in the last section of the
paper.

* The research programme described in this report has been developed and jointly directed by Carroll
E. Palmer and Shirley H. Ferebee of the United States Public Health Service, Sven Nissen Meyer of the WHO
Tuberculosis Research Office, and Hubert Bloch of the Public Health Research Institute of the
City of New York. The translation of plans into actual operations was done mainly by Sven Nissen Meyer
and Shirley H. Ferebee, with the technical assistance of Helen X. Gertz and Louise Hopwood of the Tubercu-
losis Program laboratory staff in Chamblee, Ga, USA. All four co-directors contributed to the present report,
and pertinent criticisms were made by various colleagues; preparation of the manuscript for publication was
largely the responsibility of Carroll E. Palmer, assisted by Phyllis Q. Edwards.
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A decade ago immunization against tuberculosis was of interest to only
a few research workers and practitioners, and probably not many of them
foresaw its wide use in public health programmes. But toward the end
of the war, with the disease raging in prison camps and on the increase
in many countries, public health workers were willing, in view of the emer-
gency, to try almost anything, and attention turned toward the possibilities
of vaccination, especially with BCG. The time and circumstances were
evidently favourable, for BCG became immensely popular. Abatement
of the post-war crisis brought no diminution in enthusiasm for the vaccine:
by the first days of 1954 its use had spread to almost every country in
the world, and by the end of the year the total number of children and
young adults vaccinated may well exceed 100 million. The practical prob-
lems inherent in the use of BCG and evaluation of its protective effect
have therefore become of vital concern.

For a number of diseases, attempts have been made to find ways short
of exposure to virulent infection to determine whether a person is immune,
or becomes so after vaccination. The " immune " reaction and the " take "
at the site of inoculation have served these purposes in vaccination against
smallpox. Whether the tuberculin skin test serves similar purposes for
tuberculosis is a highly controversial question.

The academic side of the controversy has been repeatedly explored in
many publications-too many to be enumerated here, but discussed in
detail in the comprehensive review by Arnold Rich.28 On the basis of
extensive experimental work, Rich has asserted: " That hypersensitivity
can exert local and systemic deleterious effects has long been clear to
everyone. That it is not essential for the successful operation of acquired
resistance has now been demonstrated unequivocally by many investigators,
both in tuberculosis and in other infections, and under a wide variety of
conditions." Through extensive experimental work, K. A. Jensen 17 came
to the contrasting conclusion that hypersensitivity" ... may be most closely
characterised as an increased irritability and as such may be assumed to
release the other reactions of immunity".

The two opposing views on the relation between allergy and immunity
are also reflected in the way practical field workers are managing BCG
vaccination programmes. Where BCG is given orally, as in most of the
South American countries, tuberculin reactors as well as non-reactors are
now being vaccinated. The development of skin sensitivity after vaccination
is regarded as unnecessary, and some workers even consider it undesirable
(Assis,1 Domingo,5 Rosemberg,29 Silveira32). As recognized spokesman
for the oral method of vaccination, Assis 2 wrote in a report submitted to
the WHO Expert Committee on Vaccination against Tuberculosis: "... . the
degree of specific protection given to allergic individuals vaccinated with
BCG seems to go hand in hand with desensitization to tuberculin ". On
the other hand, where BCG is given parenterally, as in most of the rest of
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the world, only persons who are non-reactors to tuberculin are selected
for vaccination, and the development of skin sensitivity after vaccination
is taken as evidence that the immunity expected from BCG has been pro-
duced (Frappier et al.,9 Heaf,12 Heimbeck,'3 Monaldi,21 Yanagisawa 38).
Wallgren 37 expressed the view of many workers when he said " ... if there
is hypersensitivity as disclosed by an adequate positive tuberculin test,
there is present at the same time specific immunity ... the immunity lasts
in a latent or manifest form as long as there is evident hypersensitivity".

There remains, however, in academic as well as in practical circles,
a cautious group of workers (Fenner,8 Giovanardi,10 Ohara et al.24) who
believe " ... the relation of tuberculin allergy to immunity is one of the
most obscure aspects of the pathogenesis of tuberculosis " (Dubos 6).

This uncertainty, together with the increasing use of BCG for immunizing
human beings, justifies further investigations designed to re-examine the
basis for using allergy as a measure of immunity after vaccination. The need
is particularly acute in connexion with the international mass BCG pro-
grammes in which the intradermal method is used. In the first place (and
for reasons not understood), many of these programmes have given a low
percentage of " positive " tuberculin reactors, often far below the limit
most workers accept as satisfactory (Yuan & Nyboe 39-41). Secondly, and
more critical, field studies carried out in recent years (Edwards et al.,7
Mande & Hudt,20 Palmer 25) have revealed that the kind of tuberculin
sensitivity induced by BCG is not a qualitative attribute, that is, one either
present or absent, as implied by the terms positive and negative. Rather,
post-vaccination allergy is quantitative, manifesting itself in differing
degrees, ranging from barely perceptible reactions to a strong dose of
tuberculin to large reactions to a weak dose; from almost no allergy to
allergy as strong as that caused by virulent tuberculous infection. The
percentage of " positives " after BCG vaccination thus depends on a quite
arbitrary definition of what is called a positive tuberculin reaction, and at
the present time we have no guide as to what degree of allergy should
be aimed for in vaccination programmes (International Tuberculosis
Campaign 16).

Quantitative aspects of both natural and BCG-induced allergy in human
beings are illustrated schematically by the frequency curves in fig. 1. The
vertical axis represents frequency and the horizontal axis the degree of
allergy (as measured by the size of the reaction to a small, about 5 TU,
intradermal dose of tuberculin). The top section shows the distribution of
tuberculin reactions commonly found in a general population in which
some persons have had a virulent tuberculous infection and others have
not. The results of tuberculin-testing divide the population into two groups.
One group, shown by the solid-line curve, is concentrated at the left-hand
end of the scale. This group may be regarded as not having been infected,
and their tuberculin reactions may appropriately be called negative. The
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FIG. 1. SCHEMATIC FREQUENCY DISTRIBUTIONS OF
TUBERCULIN SENSITIVITY OF AN UNVACCINATED POPULATION (A)

AND OF GROUPS VACCINATED WITH BCG VACCINES
OF DECREASING POTENCY (B-E)
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VACCINATION, ALLERGY, AND IMMUNITY IN TUBERCULOSIS. 1

other group, shown by the broken-line curve, spreads over the right side
of the scale in a pattern that generally resembles a " normal" frequency
curve. There is ample reason for believing that persons in this group have
been infected; they have a high degree of tuberculin allergy, and their
reactions may appropriately be called positive. The vertical line shows the
point on the scale used to separate positives from negatives.

The curve in the second section of the figure illustrates the type of
distribution obtained after vaccination of a group of negative reactors with
what would be regarded as potent BCG. In this case, vaccination has
about the same effect as virulent tuberculous infection: the vaccinated
develop the same high degree of allergy and the frequency curve of their
reactions has about the same shape and position on the scale as the one for
the natural positives shown immediately above it. If this were always (or
usually) the effect of vaccination, then, by analogy with natural infection,
the vaccinated might be called positive reactors, and, so far as allergy is
concerned, BCG might be assumed to have done all that could be expected
of it.

But results like this are not common in practical vaccination pro-
grammes; more often they resemble those shown in the lower sections of
the figure, and curves like the one at the bottom have even been reported
(Shaw 31). Though it is rarely possible to identify the factors responsible
for such variations in degree of post-vaccination allergy, similar variations
have been reproduced in groups of schoolchildren by systematically reducing
the potency of the vaccine, either by decreasing the dose of BCG or by
decreasing the proportion of living organisms by exposing the vaccine to
heat, light, long storage, etc. (Edwards et al.7). With progressive reduction
in the vaccine's potency, the frequency curve moves to the left toward
lower degrees of allergy, until finally it appears to differ only slightly from
the curve for the unvaccinated negative group.

The spread of each frequency curve also shows that the degree of
allergy varies among persons given the same vaccine-some have large
reactions, some small. Though observational error accounts for a con-
siderable part of the variation (Nissen Meyer et al.23), much of it is un-
doubtedly due to individual differences in capacity to respond to BCG
(Hertzberg,14 Huet & Voranger,15 Palmer & Nissen Meyer 26).

Such findings, based on observed results, lead to the conclusion that
the degree of allergy induced by BCG depends on at least two principal
factors: the allergenic potency of the vaccine and the individual's capacity
to respond. This conclusion, in turn, invites speculation on the likelihood
that response to vaccination must be evaluated in terms of the vaccine as
well as of the individual's reaction, as illustrated schematically by the
points x and y in the lower curves of the figure. Each x indicates where a
person with a good allergy-producing capacity would fall in the distribu-
tions; each y where a person with poor capacity would fall.
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With the strongest vaccine, as shown in section B, a person at x develops
a high degree of allergy, partly because of the vaccine, partly because of his
capacity to develop allergy. His reaction is a " good strong positive ",
far to the right of the line used to separate positives from negatives in the
general population (section A). With the next two vaccines (sections C
and D) he would still be called positive even though his response is con-
siderably less than what it would be with a stronger vaccine (and, perhaps,
what it should be if degree of immunity varies directly with degree of
allergy). With the very weak vaccine shown in section E he falls below the
borderline and would be called negative, although he undoubtedly has
some allergy that he did not have before vaccination.

The response of a person at y to vaccination parallels, but at a much
lower level, the response at x. With the strongest vaccine, the person at
y developed about the same level of allergy as the person at x did with a
much weaker vaccine (section D). With the three other vaccines poor
capacity to respond of the person at y puts him into the so-called negative
range.

Thus, a person with good capacity to respond may become tuberculin
"positive " with a weak vaccine; another, with poor capacity, may become
positive only with a potent vaccine. And, according to current practice, a
person responding at x to the vaccine shown in section D would not need
revaccination (even though he may be capable of developing a much
higher degree of allergy, and perhaps immunity) while one responding at
y to the vaccine in section C would be revaccinated (though he may be
incapable of a much better response).

The positive-negative concept may thus greatly oversimplify the use of
allergy as a measure of acquired immunity by more or less disregarding
the quantitative nature of tuberculin allergy. In classifying allergy as
either present or absent we are proceeding as if we believed that immunity
might be either present or absent, as if persons with positive reactions
after vaccination were alike in getting all that BCG has to offer them,
as if persons with negative reactions were alike in failing to benefit from
their vaccination. Yet tuberculosis workers would undoubtedly agree
that immunity is not an all-or-none response, that it is quantitative, that
it varies in degree from person to person.

Clearly, if tuberculosis immunization programmes are to continue,
we ought to know more than we know now about the relation between
tuberculin sensitivity and immunity to tuberculous disease; we should
know about the relative significance of the potency of the vaccine and of the
individual's capacity to respond; we even need to know whether an indivi-
dual person's post-vaccination reaction can be interpreted at all without
knowing where his reaction falls in the distribution of reactions of the other
persons in the group vaccinated at the same time with the same vaccine.
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Ideally, these questions ought to be answered by studies on human
beings. But to do so, and to expect to obtain answers that could pretend
to scientific validity, would require vaccinating enormous numbers of
persons allocated by a randomization scheme to groups receiving vaccines
of different potencies, tuberculin-testing each person at least once after
vaccination, setting up and managing an accurate record file, and providing
efficient follow-up for many years to determine how much tuberculosis
develops in the study population. But funds and facilities to carry out such
a task of public health research are scarce today.

Experimental studies on allergy and immunity must therefore be renewed
and extended in laboratory animals, even though the results can apply
only by analogy to human beings, and even though a great deal of labora-
tory work has so far failed to resolve the persistant controversy over the
significance of the tuberculin reaction as a measure of immunity. In an
attempt to find answers to some of the questions that continue to plague
those responsible for mass BCG campaigns, a co-operative laboratory
research programme was organized late in 1952 by the United States Public
Health Service with assistance from the WHO Tuberculosis Research Office,
the Public Health Research Institute of the City of New York, the WHO
Tuberculosis Immunization Research Centre, and the Statens Serumins-
titut in Copenhagen. The programme is supervised by the Field Research
Branch of the US Public Health Service's Tuberculosis Program and is being
carried out in Chamblee, Ga, USA, in facilities provided through the
courtesy of the Service's Communicable Disease Center.

It should, perhaps, be stated that our conception ofthe present programme
differs in some respects from that of much laboratory research. It is not
our primary purpose to delve deeply into the complex problems of the
fundamental nature of allergy and immunity in tuberculosis; we do not,
for example, intend to concentrate on questions of whether the allergic and
protective effects are identical immunological processes. Rather, the research
has more limited and more practical, perhaps less academic, goals. First, by
reproducing as nearly as we can in animals what is now being done in large-
scale vaccination programmes in human beings, we hope to learn more
about the differences between man and laboratory animals in the responses
to vaccination that can more or less readily be observed in man. Secondly,
by challenging the vaccinated animals with virulent tubercle bacilli, we hope
to study how closely those responses are related to evidence of acquired
resistance. Thirdly, from the results so obtained, we hope that it may be
possible to learn more about whether, and to what extent, some observable
response to vaccination can be used (by analogy) as a practical guide to
resistance to tuberculosis in man.

The purpose of this first paper of a series is to give the background and
rationale, together with details of the design and procedures, of the work
now under way.
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General Features of the Programme

The laboratory research programme has been strongly influenced by
experience gained in the course of extensive studies on vaccination and
tuberculin allergy in human beings, carried out by the US Public Health
Service and the WHO Tuberculosis Research Office. The programme is,
in a sense, a continuation and adaptation of these studies. As a consequence,
it tends more toward applied than toward basic research, with particular
attention to statistical principles. The following paragraphs describe briefly
some of the general features of the programme.

Variables and variations

When the work was being planned, it was realized that many different
factors or variables can produce variations in allergy (and in immunity).
Two categories of factors have already been mentioned: those related to
the vaccine and those related to the capacity of the host to respond. The
vaccine may, for example, contain different concentrations of organisms,
different proportions of living and dead organisms; it may be prepared
from different kinds of mycobacteria, or chemical fractions of them. The
reaction capacity of the host may vary with age, sex, genetic traits, diet, etc.
To these may be added the way in which the vaccine is administered, the
interval of time between vaccination and virulent infection, etc. Finally,
unavoidable errors in technical procedures and observations, usually
referred to as experimental errors, may cause deviations between observed
results and theoretically correct or true values.

Most of the factors referred to are biological or depend on biological
properties. As such, they must be expected to show pronounced variation,
and many of them cannot be standardized or kept uniform during a long
study period. Unavoidable and unknown variation will inevitably occur in
technical procedures, the vaccines, the challenge infection, the animals
themselves, their environmental conditions, and so forth. A critical feature
of the experimental design is therefore to ensure that unavoidable, and
uncontrolled, variations do not produce significant differences between the
groups to be compared. This is achieved by using large numbers of animals,
and by allocating them at random to the various experimental groups and
to their living quarters. Moreover, it is essential to ensure that the animals
are distributed at random over the entire period of time required to com-
plete any technical procedure or examination. In addition, in order to
exclude the influence of personal bias on the results, the observer cannot
be allowed to know, when he examines an animal, the group to which it
belongs.
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Division into projects

In order to investigate the many different combinations of pertinent
variables, the programme has had to take the form of a series of projects,
each designed to include a limited part of the broad allergy-immunity
picture. In each project, one or several of the biological factors pertinent
to the problem is varied deliberately to obtain different levels of response
in different groups of animals. Because so many of the variables cannot be
standardized, each project is closely tied to other projects in the series.
Hence most of the projects partly duplicate others in order to provide
common denominators or links among them.

Size of projects

Earlier investigations in animals as well as in human beings (Giovanardi
& Grosso,"1 Kanai et al.,19 Mande & Huet,20 Murohashi 22) have indicated
that it is necessary to have 50-100 subjects in each of the various experi-
mental groups within a project, in order to take account of the many sources
of variation outlined above and to obtain stable statistics-averages, trend
lines, correlations, etc. In fact, Zinsser et al.,42 in 1925, wrote of the " serious
experimental difficulties" due to biological variation, and discussed the
"1. . .great uncertainty of uniformity of dosage in the administration
of living tubercle bacilli . . . further-a matter often neglected in our
opinion in experiments of this type-namely, the astonishing individual
differences in the resistance of guinea pigs of like weight to approximately
identical doses of the same suspension of tubercle bacilli. Some of our
unprotected control animals, of approximately similar weights, have died
at periods varying from forty-nine to two-hundred forty-one days. The
errors introduced by such extreme variations can be overcome only by a
numerical multiplication of data."

Results so far in the present research programme have again confirmed
the need for large numbers of experimental animals. Moreover, each project
seems to require 6-12 experimental groups in order to obtain reasonable
efficiency and, at the same time, to meet the needs for overlapping with
other projects. The total number of animals included in each of the projects
already undertaken has thus ranged from 400 to 1,200 (except for the first
pilot project).

Planning

A group of four to six persons, representing different scientific disciplines,
is responsible for the general design of the programme and for planning
the separate projects. One or two members of the group, with the assistance
of the professional and technical staff from the laboratory, prepare a written
plan for each project. The plan is a detailed description of each step in the
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project; it specifies the products to be used, the procedures to be followed (by
whom, and when), the records to be kept, and the preliminary statistical
tabulations to be made. One of the most important functions of the plan
is to prescribe the randomization procedures and methods to be followed
to ensure uniformity in carrying out technical operations and to prevent
biased observations. Detailed schedules are also prepared for each pro-
cedure, indicating how the animals are to be handled, in what order, on
what day, etc.

Copies of the plan and the schedules are made available to the planning
group for comment before a project begins. Thus, each member of the group
has an opportunity to check the plan for gaps, inconsistencies, or errors,
as seen from his particular field of interest.

Outline of projects
The first seven projects are listed in table I, showing their purpose, the

vaccines used, the number of experimental groups, and the total number
of animals in each. So far, the subject of study has been more or less limited
to the effects of varying the dose and kind of vaccine, particularly BCG
vaccine. Preliminary studies have also been made of the time interval
between vaccination and challenge infection. These factors are relatively
simple to recognize and subject to controlled variation-in contrast to the
more subtle factors involved in the reaction capacity of the animal. As
shown in the table, each project has at least one strength of living BCG
(most of them have two or more), and each has an unvaccinated control
group to serve as a reference point for relating the various groups within
each project as well as relating the various projects with one another.

Observations and Techniques

This last section of the paper describes some of the observations and
techniques that so far have been common to most of the projects. Details
relevant only to certain projects will be given later in reporting those projects.

Experimental animals

Guinea-pigs were the animals of choice for this research because of their
susceptibility to tuberculosis and their ability to develop tuberculin allergy
after infection; besides, they are practical to handle in the laboratory.
The large numbers needed for each project call for the use of random-bred
animals and about equal numbers of males and females. Moreover, random-
bred animals would, we believe, reproduce more closely than inbred strains
the wide range of biological variation found in human populations. The
animals were 7-8 weeks old and weighed 250-350 g when each project began;
all were light-skinned but differed in hair colour.
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Tuberculin allergy

Because the skin reaction to tuberculin is the only practical measure
of allergy in human beings, it is also used to measure allergy in the laboratory
animals. And, because one of the major objectives of the programme is to
compare allergy in animals and humans, the technique of testing in the
laboratory has been made to correspond so far as possible with that used
in human studies. This has meant the use of a standard tuberculin (PPD-S),
intradermal (Mantoux) testing technique, reading reactions at 48 hours
by measuring the diameters of erythema and induration, testing both
before and several weeks after vaccination. The principal difference is
that the site of the test is the forearm in humans and the abdomen in the
animals. The dose of tuberculin also differs, a stronger dose being used
in the animals than is customary for a single-dose test in human beings.

Immunity

Immunity to tuberculosis is a sufficiently commonplace concept to be
generally understandable, but it is an elusive property to measure. In
experimental animals, it is ordinarily gauged by the survival time after
challenge infection, or by the degree of multiplication and spread of virulent
bacilli, or by the extent of morbid changes in the tissues. So far, only
survival time has been used in the present programme to measure resistance;
the animals have therefore been allowed to die after challenge. It has not
yet been possible to develop facilities for bacteriological measurement;
nor have the scientific and statistical problems associated with making
objective, quantitative observations on pathological changes been satisfac-
torily solved.

Vaccination

In this work the term vaccination is used in a broad sense to mean
inoculation with any substance that may induce allergy or immunity, or
both. So far, most of the substances have been BCG vaccines-and these
have been samples of the regular weekly batches prepared at the Statens
Seruminstitut for intradermal use in Denmark and in international vaccina-
tion programmes. Danish vaccine has also been used extensively for studies
of post-vaccination allergy in human beings. Counts of viable bacillary
units for each weekly batch are available at the institute and show the
vaccine to have been a remarkably stable product in recent years
(Tolderlund 33). Although the necessity for doing so may be questioned,
the vaccine is shipped refrigerated by air from Copenhagen and used
within 10 days of the date of preparation.

As far as possible, the technique of vaccinating the guinea-pigs resembles
that used in human beings: by intradermal injection of 0.1 ml of vaccine;
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and by observance of many other small technical matters such as protecting
the vaccine from light, keeping it refrigerated, etc. The site of vaccination
is on the abdomen of the animals instead of the shoulder region.

The reaction that usually develops in the skin at the injection site is
carefully palpated at several different intervals during the first four weeks
after vaccination: the largest transverse diameter of induration (and
ulceration) is measured and recorded. Though the size of the vaccinal
lesion may reflect purely local phenomena, it is used by some field workers
as a sign of the success of vaccination (Hertzberg,14 Salvioli,30 Tornell,34
Ustvedt 35) and by laboratory workers to estimate the potency of vaccine
(Berger,3 Buonomini,4 Jensen,'8 Ranganathan,27 van Deinse 36). In human
beings, the lesion has been studied quantitatively and correlated with degree
of tuberculin sensitivity. It is included as one of the responses to vaccina-
tion in the present research programme to give another point of reference
relating responses in guinea-pigs to those in human beings.

Chiallenge infection

Challenge infection is usually given about 5 weeks after vaccination by
intraperitoneal injection of a suspension of virulent tubercle bacilli, H-37 Rv.
A culture of the bacilli, received from the Trudeau Laboratory at Saranac
Lake, New York, has been propagated since 1947 on Lowenstein medium
at the laboratory of the US Public Health Service's Communicable Disease
Center in Chamblee, Ga. The strain was recently passed through a guinea-
pig and recovered from the animal's spleen. For use in these experiments
a culture is transferred to Dubos' liquid Tween-albumin medium
several weeks before challenge infection and maintained by 7-day transfers
until, finally, it is diluted with Tween-albumin and adjusted photometrically
in a Coleman Junior spectrophotometer to make a suspension with an
optical density corresponding to about 5 x 10 6 bacterial units per ml (as
previously determined by plate counts). The challenge dose has been 0.5 ml
of this suspension.

Allocation procedures

A number of different schemes are used to make sure that all variable
factors not under study-and these may include biological properties,
environmental conditions, etc.-are distributed equally (at random) among
the experimental groups in a project. In some projects, the 6-8 animals
housed in each cage are assigned to different experimental groups. In
others, when it is not practicable to have the different groups represented
within the same cage, the cages themselves (each containing 6-8 animals)
are allocated at random to the experimental groups.

Though it is not feasible in this paper to describe the randomization
procedures needed for the various projects already undertaken, we consider
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the subject of such critical importance as to warrant an illustration. When
different vaccines are being compared, for example, the number of animals
per cage is made to correspond with the number of vaccines plus one for
the control group. The animals put together in each cage are of the same
sex, and in some projects they are also uniform in other characteristics,
such as body-weight and hair colour. The cages are then numbered at
random and distributed in numerical order throughout the living quarters.
Next, a numbered ear-tag is attached to each animal, beginning with
No. 1 in cage No. 1, etc. (The order in which animals are numbered within
each cage is of no consequence.) The record cards for the animals are
then shuffled separately for each cage and a card is drawn at random for
each experimental group. The group to which each animal is thus assigned
is recorded on its card and also on a separate form to be used when the
animals are vaccinated. When there are to be more than eight experimental
groups in a study, the groups to be represented in each cage are rotated
from cage to cage, in numerical order. Thus, the animals in cage No. 1
may be assigned to groups 1-8, those in cage No. 2 to groups 2-9, etc.

This scheme for the allocation of animals to their cages was considered
satisfactory for the pre-challenge period. At challenge, however, a new
problem is introduced: the possibility of cross-infection within the cages
from the less protected to the presumably more protected animals. To
avoid this complication, which might distort real differences among the
groups, the animals were redistributed so that those belonging to the same
group were caged together (males and females still being kept separate).
All cages were then randomly distributed throughout the animal house
and separated by solid partition walls to minimize cage-to-cage infection.
However, the consequence of such redistribution is that the cage, rather
than the animal, becomes the independent unit in the analysis of results.

Precautions are also taken to ensure that the chances of technical and
observational errors, and of personal bias, influencing the results are
reduced to a minimum and are the same for all groups. To avoid the
effect of systematic differences among observers, for example, one person
ordinarily performs a given procedure throughout a project-the same
person reads all the tuberculin tests or gives all the challenge inoculations.
When vaccinal lesions and tuberculin reactions are being read, animals
from different groups are distributed equally over the entire period of
time required to complete the procedure. Moreover, the person making
the readings is not allowed to know the group to which an animal belongs
so that the results will not be influenced by what he may expect (or hope)
to find in the various experimental groups.

RESUMI2
Depuis quelques annees, la vaccination par le BCG a pris une importance croissante

dans I'arsenal des mesures de sante publique contre la tuberculose, et la tuberculino-
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reaction est largement utilisee pour determiner le succes de la vaccination, en depit d'un
desaccord persistant des milieux scientifiques au sujet de la relation entre la sensibilite
cutanee a la tuberculine et la resistance acquise a la tuberculose. Comme il n'y a actuelle-
ment que peu d'espoir de resoudre le probleme de la relation entre l'allergie et l'immunite
par des etudes sur l'homme, et etant donne qu'on a le plus grand besoin de directives
pratiques pour les campagnes internationales de vaccination en serie par le BCG, le
Service de la Sante publique des Etats-Unis a entrepris un programme de recherches sur
les animaux de laboratoire, fonde sur des etudes approfondies de la vaccination par le
BCG et de l'allergie post-vaccinale chez les ecoliers; il a obtenu a cette fin le concours
de diverses institutions: Bureau de Recherches sur la Tuberculose de 1'OMS, Institut de
Recherches sur la Sant6 publique de la ville de New York, Centre de Recherches de
l'OMS sur l'Immunisation contre la Tuberculose et Statens Seruminstitut de Copenhague.
Le present article expose l'origine, les principes et les caracteristiques generales des
travaux entrepris.

Le programme, qui se compose d'une serie de projets distincts mais dont chacun est
subordonne a l'ensemble, ne vise pas essentiellement a la solution des questions theoriques
complexes que pose le probleme de l'allergie et de l'immunite. Ses objectifs sont bien
plutot d'ordre immediatement pratique. En premier lieu, on reproduit aussi exactement
que possible sur l'animal les operations entreprises sur l'homme dans les campagnes de
vaccination, afin de comparer les reactions provoquees chez le premier avec celles qu'on a
deja observees chez le second. Ensuite, on soumet les animaux vaccines a l'action d'orga-
nismes virulents pour etudier le rapport entre ces reactions et la resistance a une infection
virulente. Enfin, on cherche a determiner, d'apres les resultats acquis de la sorte, si
quelque reaction post-vaccinale observable pourrait, par analogie, servir en pratique a
estimer le succes de la vaccination chez l'homme, et dans quelle mesure elle serait ainsi
utilisable.

En etablissant le plan des experiences, on a particulierement tenu compte de la variation
biologique - variation interessant les animaux, les vaccins, l'infection d'epreuve et de
nombreux autres facteurs en jeu. La solution, principalement statistique, de ce probleme
a exig6 l'emploi d'un grand nombre d'animaux et I'application de diverses methodes de
choix au hasard, afin que les variations de toute nature - qu'elles soient d'ordre biolo-
gique ou qu'elles concernent l'echantillonnage, les erreurs imputables a l'observateur, etc.
- se trouvent ramen6es a un minimum et distribuees fortuitement entre les differentes
populations experimentales.

La derniere partie de l'article expose les observations et les techniques communes
aux projets dont l'execution a dejLa e entreprise dans le cadre du programme.
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