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THE EFFECT OF WITHDRAWING MICE FROM AN
INFECTED HERD AT VARYING INTERVALS

BY M. GREENWOOD, A. BRADFORD HILL, W. W. C. TOPLEY,
AND JOYCE WILSON

From the London School of Hygiene and Tropical Medicine

(With 1 Figure in the Text)

INTRODUCTION

IN a recent report (Greenwood et al. 1936) we included a short discussion of the
few scattered observations that we had made on the effects of the dispersal
of an infected herd (pp. 189-92). Briefly, we had found that the division of
a herd, in which an epidemic due to Bad. typhi-murium was under way, into
small isolated groups was followed by a greatly decreased rate of mortality
in those groups when the dispersal was carried out at the beginning of the
epidemic period. Reaggregation of the groups resulted in a fresh spread of the
disease, but the final mortality was lower than in a similar herd which had not
been dispersed during the earlier stages of cage life (Topley, 1922). In a sub-
sequent experiment (Topley & Wilson, 1925) dispersal was carried out at a
later stage of epidemic spread, and very different results were obtained. For
the first three weeks or so after division into small groups there was no material
difference between the mortality experienced by the dispersed and not-
dispersed mice. But at about the 25th day the death-rate in each of the
dispersed herds showed a definite decline, while that in the undispersed herds
continued unabated for some further length of time.

These few observations were clearly in conformity with the reasonable
view that the conditions of contact may exert an exceedingly important effect
on epidemic spread, but that to secure much benefit from dispersal it must be
carried out shortly after exposure to risk in the epidemic environment.

In the same report we discussed at some length (e.g. pp. 94 et seq.) the
general problem of the evolution of disease in a herd, and pointed out that a
fundamental datum was knowledge of the time relation of the process of
infection. Our most precise, but limited, data (Topley et al. 1924) showed that
by the end of 25 days about four-fifths of animals exposed to risk in an infected
herd in which mouse typhoid was spreading had given proof of infection.

Another question intimately related to this is the relative resistance to
infection of mice which have survived exposure to the environment for
varying lengths of time. All our previous experiments have shown quite
clearly that the average resistance of surviving mice increases with increasing
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110 The effect of withdrawing mice

cage age, but this resistance has never reached a point at which the risk of
dying from the prevailing infection has been reduced to zero. We have made
one or two attempts to measure how far variations in severity of exposure, as
measured by prevailing death-rate in the cage, may, in fact, continue to
influence the power of survival of mice which have successfully endured a
relatively long period of cage life. Our first observations (Greenwood et al.
1930) suggested that mice of advanced cage age were substantially less sus-
ceptible to changes in the prevailing death-rate than mice which were re-
latively newcomers. Further observations (Greenwood et al. 1931) did not
confirm this. A more detailed study was, therefore, made of our accumulated
material (Hill, 1933) and led to the conclusion that variations of severity of
exposure affected the mortality rate of mice of all observed cage ages. Previous
survival in the cage, even of considerable length, did not render them in-
different to changes in that environment.

For instance, in a herd infected with Bad. typhi-murium there were 202
mice which entered the cage when for the 5 days previous to their entry the
average daily death-rate had been very low, between 0 and 1 %. The average
length of life (limited to 60 days) of these mice after entry was 39 days. Con-
trasted with these were 340 mice which entered the cage when the daily death-
rate for the previous 5 days had been relatively high, between 3 and 4%.
Their mean length of life was only 24 days. Corresponding to these new entries
were thirty-four mice which had survived 30 days in the cage, and for the last
5 days of that period were exposed to the low death-rate of 0-1%. There
were also fifty-six which for the last 5 days of the 30 days they had lived in
herd were exposed to the high death-rate of 3-4%. The average survival
times of these two groups from cage age 30 were 38 and 22 days. Thus 30 days
of cage life did not render the mice insensitive to variations in the mortality
rate. Experiments with Pasteurella gave a similar result; but with the virus
disease Ectromelia mice of older cage ages became, on the average, relatively
indifferent to exposure to higher death-rates.

With the bacterial infections it was concluded that, though at each level of
mortality in the herd mice of high cage ages survive in general longer than new
entrants, yet the relative effect of variations in environment does not dis-
appear with cage age. This conclusion, it will be noted, is based solely upon the
behaviour of mice which continue to live in the cage after a certain exposure,
and this method of analysis suffers from the disadvantage that the herd
mortalities immediately before and after any given day tend to be highly
correlated, so that mice that have just passed through a period of high
mortality will be exposed to a higher subsequent risk than mice that have
passed through a period of low mortality. A more satisfactory answer would
clearly be reached by comparing the behaviour of mice of different cage ages
removed to isolation after a certain exposure, and thereby debarred from any
further risks, with that of mice of the same cage ages which continued to
reside in the infected herd.

https://doi.org/10.1017/S0022172400011736 Published online by Cambridge University Press

https://doi.org/10.1017/S0022172400011736


M. GREENWOOD AND OTHERS 111

The objects of the present experiment were, mainly, to throw further
light upon these three questions, viz. (1) the effect on individual mice of
withdrawal from the herd at different stages of cage life, (2) the progress of
infection at those different stages of cage life, and (3) the effects of long
survival in the cage in relation to changes in the severity of that environment.

THE EXPERIMENT

On 27 September 1934, twenty-five normal mice were each inoculated with
10,000 Bact. typhi-murium and herded with fifty normal mice. From 9 to
24 October three normal mice were added to the herd daily. On 25 October,
and thereafter at weekly intervals, batches of sixty mice were added. Before
entry to the cage each of these weekly batches was divided at random into
two sets of thirty, every individual being distinguished by identification
marks. The mice composing one of these sets were left in the cage
indefinitely, until death or survival at the close of the experiment. Those
composing the other set were removed to isolation in single cages after varying
lengths of sojourn in the herd. They were kept in these separate cages until
death or the expiry of a period of 60 days after isolation. The survivors at the
60th day were killed, bled and examined post-mortem, while the faeces of each
isolated animal were examined once a week until death or the 60th day of isolation.

From 25 October 1934 to 27 June 1935 one-half of the survivors of each
set of thirty mice originally selected to be isolated (or one over the half if the
number were odd) was removed to single cages at the end of 7 days in herd.
The other half was left in the herd until cage age 14 days when one-half of
the survivors at this point of time was isolated. The other half was again left
in the herd until cage age 21 days, when one-half of their survivors was
isolated; and so on. This procedure led to a rapid accumulation of isolated
mice which had spent only 7 days in herd but insufficient numbers which had
had longer experiences of herd life. From 27 June to 17 October 1935, there-
fore, no mice were removed until they had spent at least 14 days in herd, when
half the survivors were isolated and the remainder removed after longer
periods in the same ratios as before. By these means the number of mice which
had spent 14 days in herd was considerably increased, but mice of higher cage
ages were still too few to give significant figures. From 17 October 1935 to
30 March 1936, therefore, no mice were removed until they had spent at least
21 days in herd, and from 30 April to 28 May unless they had spent at least
28 days in herd. By these means the numbers with different cage ages before
isolation were made fairly substantial.

On 4 June the experiment was stopped owing to the occurrence of a death
due to an infection with Bact. enteritidis (Gaertner).

Events within the herd

The secular course of mortality in this herd was in no way remarkable.
It rose rapidly to a high point, with a daily death-rate of some 5 % at about
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the 10th day, then fell with the fluctuations usual in a newly formed herd
to a rate of 1 •5-2-0% per diem between the last week of October and the first
week of November 1934. A slow rise in mortality then set in reaching a peak
of 3-6% towards the end of November. A rapid fall ensued and the mortality
lay between the 1-5 and 2-0% levels until 9 February 1935, when a further
decline took place and the prevailing figure was not much above 1 %. At the
beginning of March 1935 the death-rate began to rise and reached a maximum
of 3-4% on 12 March. Some decline subsequently took place, but a second
maximum of 2-6% was recorded on 8 April. For some months thereafter
mortality was on a lower level, about the 1*5% point, but in both July and
August epidemic waves were clearly visible, a peak of 3-8% being recorded on
6 August. The death-rate again declined but a rise ensued on 2 October,
reaching the 3-5% elevation on 24 October. Thereafter the rate remained
somewhat low but rose again in January 1936 and still further in February,
remaining high for some weeks and reaching 3% at the beginning of March.
From that point it fell slowly, remained very low throughout April 1936, with
some rise apparent as the experiment was brought to a close (at the end of
May 1936).

These remarks are primarily based upon the course of the total mortality,
but, with a slight reduction of scale, apply equally well to the specific death-
rate which ran a course almost parallel to that of the general rate.

Cage-age mortality in this herd, on the other hand, followed a materially
different course from that usual in our experience. Our previous experience
with mouse typhoid has been gained from herds to which daily additions of at
most six mice were made. In these herds the invariable course of age mortality
has been for the rate to increase to a maximum between the 25th and 30th
day of cage life (see Greenwood et al. 1936, Table VII, p. 36 and Fig. 6, p. 38)
and then to decline to a level considerably above that of the rate of mortality
of uninfected herds but much below the maximum of an infected herd. This
level has been maintained, at later cage ages, with fluctuations the significance
of which we have not had sufficient experience to assess.

In the present experiment (see Table I) the rate of mortality rose nearly to
its maximum level relatively early in cage life—by the 14th to 15th day—but
to a peak considerably below that in previous experiments. The declension
from this peak was relatively slight during the first 70 days of exposure.
Indeed, when the mean rate of mortality at all ages between 9 and 70 days
was applied to the exposed to risk of different seniorities it was found that the
deaths expected on this basis differed from the deaths actually observed by
more than twice the standard error of the expectations at only four points
(the 35th, 39th and 44th days of cage age were in excess and the 63rd day in
defect). The tendency for the rate of mortality at the older ages within this
period to fall to a level much below the maximum was clearly slight. Between
the 70th and 100th days of cage age the qx values fell significantly, indicating
that, in this experiment, the relative advantage gained by prolonged survival-
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in herd was considerably delayed. A comparison is given between the past
and present experiences in Table II which shows the relatively small differ-
ences between the probabilities of dying at different cage ages up to the 70th
day in the present instance.

Cage
,ge in
days

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

Table I. Life
No.

exposed
to risk
2188
2186
2182
2176
2170
2156
2143
2129
2105
2079
2038
1997
1951
1910
1854
1789
1730
1683
1636
1591
1556
1377
1188
1024
846
717
618
547
477
431
384
351
319
298
278
253
238

table based

Specific
deaths

1
2
1
2
3
7
8

19
20
39
38
43
38
54
61
59
45
47
43
34
33
39
27
50
27
23
11
13
14
10
15
5
2
2
6
1
1

on mice
Nil

found
deaths

1
2
5
4

11
6
6
5
6
2
3
3
3
2
4

—
2

—
2
1

—
—.

1
2
2

—
—

3
—
—
—
—
—

2
1

.

not transferred to

Total
deaths

2
4
6
6

14
13
14
24
26
41
41
46
41
56
65
59
47
47
45
35
33
39
28
52
29
23
11
16
14
10
15
5
2
2
8
2
1

Specific
9x

0-0005
0-0009
00005
00009
00014
0-0032
0-0037
0-0089
00095
0-0188
0-0186
00215
00195
00283
00329
00330
0-0260
0-0279
00263
00214
00212
00283
0-0227
0-0488
00319
00321
0-0178
0-0238
00294
00232
00391
00142
00063
00067
00216
00039
0-0042

isolation

Total
9x

0-0009
00018
0-0027
0-0028
00065
00060
0-0065
00113
00124
00197
0-0201
00230
00210
00293
00351
00330
0-0272
00279
0-0275
00220
0-0212
0-0283
0-0236
0-0508
0-0343
00321
0-0178
00293
00294
00232
00391
0-0142
00063
0-0067
0-0288
00079
0-0042

Table II. The probability of dying within the next 5 days in three herds
infected with mouse typhoid

Cage age
in days

0
5

10
15
20
25
30
40
50
60
70
80
90

A 6
Six daily additions

(all deaths)
0-0230
0-0575
0-1079
0-1564
0-2496
0-3185
0-2638
01031
0-0527
0-0518
00467
0-0132
00619

A 3
Three daily additions

(specific deaths)
0-0077
00302
00934
0-1642
0-3237
0-4061
0-3469
01836
0-1280
0-0973
0-0965
00357
0-0000

A (present experiment)
Added in batches of 60

(all deaths)
0-0146
0-0547
01222
01302
0-1150
01373
01380
01525
0-1149
00964
00859
0-0658
00899
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It has been observed that the conditions of the present experiment in
respect of immigration were novel. Instead of daily additions of small numbers,
a large batch of mice, sixty, was added every 7th day. We have data from no
similar experiment with mouse typhoid. One in which the infection was
Pasteurellosis we reported in 1925 (Greenwood & Topley, 1925). In that
instance to an original group of twenty mice, eighty were added twice at an
interval of approximately 2 months, and then three batches of fifty at
intervals of approximately 6, 6 and 3 weeks. The secular rate of mortality
was low and the data too scanty to justify analysis of mortality by cage
age.

The peculiarity of the method now in question is that at intervals of
7 days the ratio of very young mice (in cage age sense) to mice of older age is
sharply increased. An inspection of the secular course of qx shows an apparent
tendency for the rate of mortality to show a maximum at intervals of 7 days.
In view of the small numbers involved and the result of an admittedly rough
test of sampling errors we should not claim to have demonstrated the reality
of this appearance, but we think it is suggestive. We have always urged that
at the back of and fundamental to the rates of mortality at all ages in a herd
is the balance of cage-age constitution of the herd; we have thought that
there was a reciprocal relation of risks between newcomers and old inhabitants.
Not only is there the obvious risk to the newcomers due to exposure to a
highly infective population, but the risk to the old inhabitants themselves is
enhanced by the introduction of unsalted immigrants. The course of events
in this experiment provides support for this belief, and it is our intention to
investigate the point further.

Apart from its interest in relation to the general problem of the effect of
changing herd constitution on herd mortality, the difference in the behaviour
of mice at different cage ages in this and in previous epidemics of mouse
typhoid has an important bearing on the interpretation of the results of the
present experiment. As will be seen from Table II, if the trend of mortality
with increasing cage age had followed the course expected from our earlier
experience, the mice removed to isolation on the 28th and 35th days would
have survived in herd beyond the period at which mortality was at its highest,
and would have attained, either by selection, or natural immunization, or
both, some degree of increased resistance to the disease. In fact, the highest
value for the probability of dying within the next 5 days was not attained in
the present experiment until the 40th day; and, instead of the well-marked
peak observed in earlier epidemics, there is a plateau of relatively high
mortality extending from about the 10th to the 50th day, which never attains
the peak level encountered in our earlier studies. Instead of isolating, at
the various periods selected, mice whose mortality rates, if they had remained
in herd, would have been very different, we were in fact, after the 10th day
of cage age, isolating groups whose experience in herd would have been very
much the same.

https://doi.org/10.1017/S0022172400011736 Published online by Cambridge University Press

https://doi.org/10.1017/S0022172400011736


M. GREENWOOD AND OTHERS 115

• This kind of difficulty is inherent in much of our work. In altering our
experimental conditions in the ways required to obtain an answer to a parti-
cular question, we always run the risk of changing the evolution of the epide-
mic itself.

The determination of infection rates

The method of the experiment enabled us to study, as has been already
pointed out, the after-histories (for 60 days) of mice which had survived in
herd precisely 7, 14, 21, 28 and 35 days and were then withdrawn and kept in
isolation in separate cages. The numbers removed after each of these durations
of herd life are shown in Table III and, it will be seen, are reasonably large.
Before entering into detail concerning their subsequent fate we must notice a
limitation imposed by the nature of the experiment.

Table III. Number of mice removed to isolation in separate cages after
specified times in herd, and the proportion infected in each group

Length of
time spent

in herd.
Days

7
14
21
28
35

Number of mice
withdrawn to
separate cages

515
420
408
167

71

Percentage
estimated
infected

34
56
65
69
79

An ideal experiment from the present point of view would be one in which
herd conditions were constant, epidemiologically speaking, throughout the
whole period of observation and in which it was possible to examine every
member in herd at short intervals of time. Under those conditions we should,
within the limits of experimental and random error, have completely com-
parable series of animals exposed to risk of infection of 7, 14, etc., days, and
each 7-day batch would be homogeneous with any other 7-day batch.

In fact mortality varied, as usual, in herd with time so that mice removed
after 7 days' exposure in one phase of the experiment had lived in herd under
mortality conditions different from those experienced in another phase. It
will also be remembered that the removal to isolation of mice of different cage
ages was not carried out equally over the whole course of the experiment.
Mice of relatively low cage ages came predominantly from the earlier months,
mice of relatively high cage ages from the later months of the experiment.
Without such a limitation we could not have secured a large enough number of
mice removed to isolation after prolonged survival in the cage. That it is
a limitation is shown by the fact (see Table VIII) that the limited expectation
of life in solitary confinement was correlated with the rate of mortality in the
herd over the days immediately prior to isolation.

Another point to which we must refer before passing to the results of the
experiment is the fact that our methods of determining the presence or absence
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of infection in the mice removed to isolation were necessarily incomplete.
The criteria of infection used were as follows:

(1) The isolation of Bad. typhi-murium from the faeces of each mouse at
any time during its life in the single cage (weekly examinations).

(2) Specific agglutinins in the blood of mice killed after 60 days in single
cages.

(3) Isolation of the organism from the tissues at autopsy of mice dying in
herd or in single cages, or when killed at the end of 60 days' survival in the
latter.

There is little doubt that the majority of the infected mice would be
detected by criteria (2) or (3), especially by the latter; but a weekly examina-
tion of faeces (criterion (1)) would be insufficient to detect all those mice that,
though suffering, or convalescent, from an infection on the day of isolation,
became free from infection within the 60 days' period of observation. In the
earlier experiment referred to above (Topley et al. 1924) faeces were examined
from each mouse at risk on 6 days in each week. The scale of the present
experiment, however, made such a procedure impossible, and we had to be
content with less complete data in regard to this particular point. It follows
that the infection rate at any cage age will be somewhat underestimated.
Judging from our previous experience (see Greenwood et al. 1936, p. 58), we
think that error under this head would not exceed 20% of the recorded in-
fection rate, and would probably be considerably less.

The present experiment was, however, subject to an additional source of
error which may have been more serious, and which was not constant over the
whole experimental period. A certain number of mice, on necropsy, gave a
growth of Ps. pyocyanea from their spleens; and though this organism does
not seem to cause a fatal infection in mice under natural conditions it readily
overgrows Bad. typhi-murium in culture, and thus leads to the latter organism
being missed. Thus, of mice with a previous exposure in herd of 7 days 515 were
transferred to single cages. Of these 148 were proved to be infected either by
positive faecal culture, by spleen culture at autopsy, or by the demonstration
of agglutinins, while 300 reacted negatively to all these tests. There were, in
addition, sixty-seven mice which failed to excrete Bad. typhi-murium in their
faeces, and which, when examined post-mortem, yielded culture of Ps.
pyocyanea from their spleens. These mice could not, with certainty, be allotted
either to the "infected" or "non-infected" category.

In calculating the percentage infected we have excluded these sixty-seven
mice, or, in other words, we have presumed that the probability of their
being infected was the same as in the 448 mice in which the determination of
infection was not complicated in this way (this may rather overstate the
infection rate, for none of the sixty-seven had been detected excreting the
organism in the faeces before dying or being killed at the end of the 60 days).
We have adopted this procedure for each group of mice removed from the
herd after different durations of herd life.
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We estimated by this means the proportion infected in each group sur-
viving a given time in herd and removed to single cages. But to calculate the
total proportion infected after x days in herd, we must add, to those found to
be infected after withdrawal, the number that died of the infection before
reaching the cage age at which they would have been withdrawn to isolation.
To reach the latter number we estimated the number of animals at risk from
entrance to herd by using a life table for the herd (based on specific mortality),
e.g. if at the end of 7 days there were n survivors removed to single cages,
this number was multiplied by Z0/?7. An example will make the procedure
plain. Of mice with a previous exposure in herd of 7 days 515 lived to be
transferred to isolation. Of these, as previously stated, the condition of sixty-
seven could not be determined owing to the growth of Ps. pyocyanea. Of the
remaining 448 infection was proved in 148. The specific life table shows that
on day 7 there were 9889 survivors out of 10,000 at day 0. We, therefore,
multiply 448 by 10,000/9889 and reach 453 (in other words the 448 survivors
at cage age 7 are 98-89% of the original entrants). The difference of 5 repre-
sents deaths from Bact. typhi-murium infection in herd, and so the total
number of infections after 7 days in herd was 5 +148 = 153, and the proportion
infected 153/453 = 33-8.

By this means we reach the infection rates given in Table III, namely
34% after 7 days' residence in herd, 56% after 14 days, and 65, 69 and 79%
after 21, 28 and 35 days respectively. According to our criteria one mouse in
five is still uninfected after 5 weeks in the herd environment. (With this
method the results for batches removed to single cages at different times are
aggregated before making the calculation. As the range of survivorship was
wide from batch to batch the calculation was also made for each separate
batch and an unweighted average of the results obtained. Very little difference
ensued.)

If the present infection rates are compared with those previously found
(Topley et al. 1924; Greenwood et al. 1936), it will be seen that in the present
experiment the rate of increase of the proportion infected as time passed is
less than in the earlier series. In the latter, 83% of entrants were infected or
dead within 25 days, while here a proportion of 79% is reached only after
35 days. The discrepancies are in the same direction in the earlier days. We
have little doubt that the explanation is that the count of infection in the
previous experiment was more nearly exhaustive, for the reasons we have set
out above. With these various limitations in mind we now pass to a con-
sideration of our results.

The effects of withdrawal to isolation

In Table IV and Fig. 1 a comparison is made between the mortality
experienced by the mice in isolation after various lengths of life in herd, and
by those mice that had had the same preliminary experience of herd life but
continued to be exposed in the cage. It will be seen that isolation had a
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Fig. 1. Probability of dying in the next five days after exposure in herd for different
durations of time.
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120 The effect of withdrawing mice

detrimental effect upon mortality during the first few days of life in separate
cages. During these few days the mice in single cages died at a consistently
higher rate than the mice which remained in herd. The abrupt change from
their communal life had this unfavourable influence for some 4-7 days. On
the other hand, their experience at later single-cage ages was very much more
favourable than that of their colleagues left in the infected environment, and
this advantage persisted however long they had previously lived in the herd.
Selection by death and active immunization do not, within this time, produce
immunity to the intense risks of herd life.

After 7 and 14 days' previous exposure in the herd, mortality in isolation
changes little in the first 9 days, and the advantage of isolated mice does not
become apparent until the 10th or 11th day. By that time many of the
already mortally infected mice will have succumbed. The advantage of mice
that survive this initial period increases rapidly to the 15th day and there-
after slowly. Mice with 28 and 35 days' previous exposure show the initial
high death-rate already referred to, but it falls rather steeply soon after with-
drawal. Having survived so long in herd they are, it seems probable, less
likely to carry over a mortal infection and absence of further risks of infection
has an immediate influence (though more than counterbalanced at first by the
drawbacks of the change to single cages).

In Table V we have roughly summarized these detailed figures by com-
puting the unweighted averages of the sqx figures for each day in three 10-day
periods, 0-9, 10-19 and 20-29 days after isolation, and similarly for non-
transferred mice of the same previous exposure in herd. In the first 10 days
after isolation there is no sensible difference between the mortality of the two
groups with 7 days' previous exposure. Those with 28 days' previous exposure
showed a slight advantage to the isolated, those with 14, 21 and 35 days'
previous exposure some disadvantage. During this initial period the advan-
tage of removal from the risks of herd life would seem to be offset by the
factors, whatever they may be, which cause the change from communal life
to isolation to react unfavourably upon mice already infected in herd. At
later stages of isolation the advantage to the isolated mice is very consistent.
At 10-19 days after isolation their mortality was about one-third of the rate
of the corresponding mice in herd, at 20-29 days after isolation only about
12% irrespective of the previous duration of time they had spent in
herd.

In Table VI we make another comparison of the isolated and not-isolated
mice based upon the expectation of life and the percentage surviving during
the entire period of observation (60 days). Taking this criterion there is a
tendency for mice of considerable cage experience to fare somewhat worse in
isolation, as compared with those remaining in herd, than mice of a shorter
cage experience. Mice with 7 days of herd contact survived, in isolation,
41-6% of the possible days of life that they might have enjoyed, i.e. over and
above that shown by the mice remaining in the cage. Two-thirds of them
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122 The effect of withdrawing mice

survived the 60 days in isolation compared with rather less than a quarter of
the mice with the same initial experience but remaining in the cage.

Mice with 14 days of herd contact survived only 31-5%, or 10% less than
the previous group, of their possible days over and above their comparative
group in the cage, and 56-2% of them survived the 60 days of isolation (again
10% less). With mice of longer exposures in herd there is a slight tendency
for the absolute and relative advantages of isolation to decline (the number
with 35 previous days in herd is, of course, small). This is to be expected.
According to the figures set out in Table III, some 66% of the mice removed
to isolation on the 7th day will have escaped infection in herd, and they will
run no risk of contracting it in isolation. On the 14th day this figure will have
fallen to 44%, and to 35, 31 and 21 % respectively on the 21st, 28th and 35th
days. Clearly, on this count alone, isolation after 35 days of herd life should
be far less beneficial than isolation after a week. Actually our observations
of the isolated mice, i.e. excluding previous deaths in herd for each batch, did
not show quite such large differences between the degrees of infection. Of
the mice removed after 7 days about two-thirds gave no signs of infection in
isolation, whereas after 14, 21 and 28 days the figure was roughly one-half
and showed little change with increasing duration of herd life; after 35 days
it fell to 44% uninfected according to our tests. On these figures we should
expect the older survivors to be in a less advantageous position than the younger
(as observed) but not quite to the extent suggested by the figures of Table III.

If the relation between cage age and future expectation of life had been
the same in this as in earlier experiments, there would have been an additional
factor tending to decrease the benefit derived from isolation at late cage ages.
The mice surviving to the 28th and 35th day would have been more resistant
to the risks of reinfection in herd, an advantage that would not have affected
their fate in isolation. In fact, however, as we have noted above, the course of
events in the present epidemic was such that the mice remaining in herd had
not reached the cage age at which this factor began to operate.

In Table VII we make a final comparison of the isolated and not-isolated
mice. The expectation of life, limited in this instance to 30 days, is given for

Table VII. Expectation of life limited to 30 days in
(1) isolation, (2) in herd
Previous length of exposure in the herd

age in
single
cages

0
10
20
30

(
7

(1)
23-6
26-5
28-6
29-4

days
(2)

22-3
21-5
20-5
20-5

14 days
(1)

21-0
25-7
28-5
29-3

(2)
20-0
19-6
19-1
20-8

21
(1)

20-8
25-6
28-9
29-4

-^
days

(2)
19-9
19-1
20-2
21-3

28
(1)

20-3
25-5
28-3
29-6

days
(2)

191
19-5
21-3
22-4

35
(1)

18-6
25-9
28-9
29-0

^
days

(2)
190
20-6
21-7
22-9

The italicized figures relate to the batches that entered the cage on the same day as the
subsequently transferred mice but remained in the herd.

To make the expectations comparable their cage age has been commenced after 7, 14, 21,
etc. days in the cage.
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different days after isolation, with comparable figures for those remaining in
herd. On day of isolation (age 0) the transferred mice as a group have a
negligibly longer expectation of life than the non-transferred mice, irre-
spective of the length of their previous sojourn in the cage. At any herd age the
fact that many mice were not infected at the time of withdrawal is counter-
balanced to some extent by the immediate, but transient, detrimental effects
of isolation. On balance the expectation of life is, with one exception, slightly
greater in the isolated mice than in those who remain in the herd. Though
the differences are also relatively small, the longer the previous exposure in
herd, within this limited period, the shorter the expectation of life on the day
of isolation. After 10 and 20 days in isolation the status of the survivors
of the mice in single cages improves. After 30 days their duration of life
differs only fractionally from the maximum possible (30 days). There is no
material difference between those whose experience of the herd was slight and
those which were the relatively few survivors of longer periods of exposure.

Here again experience corresponds with expectation. The trivial difference
in the expectation of life limited to 30 days, counting from the day of isolation,
between the isolated mice and those remaining in herd is clearly due to the
fact that, after any period of herd life between 7 and 35 days, a proportion of
the surviving mice are already fatally infected, and will die whatever their
environment may be. After 10 days in isolation, or in herd, many of these
mice will have succumbed, so that the average behaviour of the groups under
comparison beyond this period will depend to an increasing extent on mice
whose fate is determined by what happens after day 0. With progressive
increases in time to 20 and 30 days, the fatally infected mice will be still
further eliminated by death, so that the isolated groups will be mainly com-
posed of mice that have either escaped infection in herd, or have contracted
an infection of a non-fatal type.

In a previous study (Hill, 1933) we concluded that variations in severity
of exposure, as measured by prevailing death-rate in the cage, influenced the
power of survival even of mice who had lived a relatively long time in the cage.
The present experiment gives further support to this conclusion (vide Table
VIII). With the small numbers of mice involved there is inevitably a good
deal of fluctuation in the figures, but their general trend suggests that mice of
some considerable herd experience were little, if any, less susceptible to
changes in the herd environment (as measured by the prevailing mortality)
than mice with shorter herd experience. With higher death-rates in the last
5 days of herd life the subsequent expectation of life in isolation and the
percentage surviving 60 days of isolation tends to decline, and the percentage
found to be infected in or at the end of that time tends to rise, whatever the
seniority of the mice. Selection by death and natural immunization clearly
do not lead to indifference to changes in the severity of the environment
within the first 35 days of cage life; but, in this experiment, the period did not
cover the onset of any demonstrable increase in resistance in herd.

J. Hygiene xxxix 9
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The general effects of withdrawal to isolation appear, therefore, to be as
follows :

Isolation has a detrimental effect upon the mortality experience for the
first few days of life in single cages, but after those first few days the mice
removed from the risks of herd life show a pronounced advantage over those
remaining in the herd. If the subsequent history in isolation be considered for
30 days there is little difference between the relative advantages of mice which
have spent only a short duration of time in the herd and those which have had
considerable experience of herd life. If the period of observation be extended
to 60 days the relative advantage is rather greater for mice which had been in
the herd for only 7 days, in one-third of which infection was detected in
isolation. There is a tendency for the advantage of isolation to decrease with
increasing previous exposure in herd; but, with the exception of the sharp
decrease in advantage of the mice isolated on the 35th day, which comprised
a relatively small group, the differences are of doubtful significance. Early
withdrawal will, of course, reduce the deaths that would subsequently have
taken place in herd. If withdrawal be delayed it will nevertheless materially
benefit the survivors at more advanced ages. Those survivors, as we have
observed before, are by no means immune to their environment and the risks
of reinfection.

Mice with considerable herd experience are still susceptible to changes
in that environment, as measured by the death-rate prevailing in the cage.
An upward swing in the death-rate will react unfavourably on mice of all
seniorities.

These findings accord well with those obtained in earlier experiments on
the effect of isolation or dispersal, so far as comparison is possible; but there
is a fundamental difference in the methods employed, and in the questions
at issue, which should, perhaps, be emphasized. The conclusion reached in our
present investigation is that, withdrawal from an infected herd, in which an
epidemic infection is maintained at a high and relatively steady level by the
influx of susceptible hosts, is advantageous at any period of exposure to risk, at
least up to the ?>5th day. This is clearly not analogous to a conclusion that the
dispersal of a closed and infected herd into small groups, or as isolated indi-
viduals, will be of equal benefit over the same period. In the initial phases of
such an epidemic, during its rise and peak, we should expect dispersal to have
an advantage comparable to that observed in the present experiment; but
as the epidemic waned, as it would if not maintained by the influx of fresh
susceptibles, the risk in herd would fall, and the advantage of dispersal or
withdrawal would decrease. It is probable that there would always be some
advantage in either procedure; but it is very unlikely, either on a priori
grounds or in the light of our earlier experiments, that the beneficial effect
would maintain, during the later stages of a natural self-limited epidemic, the
relatively high value observed under the very different conditions of the
present experiment.

9-2
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The rate of infection

We now pass to our further problem, viz. the accession of infected animals
as length of exposure increases. As shown in Table III, 34% of the mice
removed to isolation after 7 days in herd were infected according to our
criteria (see p. 116). After 14 days in herd the proportion rose to 56%, after
21, 28 and 35 days to 65, 69 and 79%. These percentages are based upon
reasonably large numbers of observations and it will be interesting to inquire
whether they can be represented in any simple, orderly fashion. Of course,
when the efficiency of any such method comes to be tested we must recur to
the absolute numbers of observations, but for the moment we may consider
the percentages as ultimate data. From the nature of the experiment, the
starting figure of 100 is an absolute datum, at zero time no mice can be
infected. Any "law" must at zero time reproduce the figure 100. We have
then for the observed proportions not infected at the end of 0, 7, 14, 21, 28
and 35 days, the following series: 100, 66, 44, 35, 31, 21. The obvious experi-
ment to make is to try to represent these figures by a geometrical progression.
Performing the necessary calculations we find that the common ratio would
be 0-7249. This leads to the series 72-5, 52-5, 38-1, 27-6 and 20-0. These are
plainly very poor approximations to the observed values, a fact which becomes
still more manifest if we compare the new infections at the realized rates in
each 7-day period (in the 2019 mice of age 0) with those postulated by the
"law". We have in fact:

Observed
686
444
182
81

202

Calculated
555
404
291
212
153

It is needless to compute the "goodness of fit"; the two series are quite in-
compatible. At first the rate of infection is much higher, then much lower,
then again higher than the formula demands. That there should be such a
discrepancy is by no means unexpected. If mice in herd could be likened to
targets exposed to a steady bombardment of shots and an uninfected mouse
to an unhit target, we should certainly expect the law of decrement of the
number of uninfected mice to follow the rule of decreasing geometrical pro-
gression. But the only term in the comparison which seems to us reasonably
appropriate is that of continuous bombardment; no doubt the risk of infection
varies with secular time in any herd, but in view of the averaging process
adopted by us, it is reasonable to think that, in this experience, the risk a
mouse uninfected on the wth day of its sojourn runs of becoming infected on
the (n+ l)th day is independent of n, so long as we give to infection the meaning
of being hit as in the simple schema. It is this proviso which fails. Infected
mice in our classification are only a fraction of mice which have received a dose
of infective material, viz. those mice who have reacted to the receipt of a dose
by some demonstrable change in their biological rhythm. Expressing these
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numerically in the usual way by a probability of becoming infected, we have
34% of the exposed to risk infected in the first 7 days, 33% of survivors
infected in the next 7 days, and then successively 20, 11 and 32%. The
risk is at a maximum at first, then declines to rise steeply in the last interval.
These are the biological facts; we have to account for the decrement followed
by a sharp increment.

Before arguing the case, it will be fitting to scrutinize some earlier data.
In one of our earliest joint papers (Greenwood & Topley, 1925), we dis-

cussed the question of the fluctuations of rates of mortality at later herd
ages. The graphs suggested to us that after mortality had fallen to a quasi-
constant level, low relatively to the maximal mortality but still high in com-
parison with the mortality of unexposed mice, there were depressions and
elevations which might have some biological significance, expressing perhaps
changes in the level of immunity. So far as cage ages beyond 100 days were
concerned we could not then, and cannot now, satisfy ourselves that the
oscillations, or fluctuations, were significant; the numbers at risk were too
small. But when we are dealing with mortality at earlier herd ages, our
data are more numerous. If the life tables published (Greenwood et al. 1930)
with respect to Bact. typhi-rnurium infections, viz. B1, B3 and Be (specific
deaths) are examined, there are concordant indications of maximal values of
qx at approximately 15 days from entrance and thence at approximate intervals
of 10 days. In B6 qu and q16 are much above q13, and qie is less than either
q15 or q17. Then qM is much greater than g>25 or qa, q^, exceeds qx and q3S, qiS is
larger than its predecessor and successor. In B3 q15 is an evident maximum, so
is (fcj, also 534, qi2 and qi7. In Bx q16 is a maximum, q^, qu, q39 also. We are not
prepared to stress these facts. Quite apart from the mere sampling errors of
the rates at higher ages, we find that the total numbers of maxima in the
first 50 days of each experience do not appreciably differ from those to be
expected in a random succession (see Kermack & McKendrick, 1937), but we
are inclined to believe that there may be a real tendency to maxima at
intervals of some 10 days in later herd experience and a quite unmistakable
tendency to a first maximum near the 15th day of herd life.

We may now return to the main problem. What we have done is to follow
out the life history of a group of mice from the moment of joining the herd, not
indeed a specific group of individuals all entering at the same instant and
living through the same secular conditions, but an average group which, on
that account may be presumed to be exposed to constant risk. We must
emphasize this point, because if we were concerned with a group of the same
individuals then we should need to take account of the secular change in risk
of infection. When a herd is started the initially infected animals are the only
source of risk; as infection spreads to others this risk is multiplied, the rate of
bombardment—to hark back to our old analogy—is not constant or, as
Dudley would put it, the infection pressure varies. Our method of averaging
has evened out this factor. We may suppose then that at the beginning of
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exposure to the assumedly constant risk those animals which receive doses of
infection will react in various ways; some will, apparently, ignore the re-
ception altogether, others will acquire a fatal infection, others an infection
which increases their resistance and so on. The number affected will be an
unknown proportion of those receiving a dose; our method of analysis will
catch either the mortally infected who die or those whose physiological pro-
cesses are altered in some other way. It will not catch mere recipients of
infective material whose general physiological reactions are unmodified. That
after the first 7 days of exposure the rate of realized new infections decreases
for several intervals might partly be explained by an elimination of the
highly susceptible in the first period of exposure; but that cannot explain the
subsequent increase of the number of new realized infections. Neither can it
be wholly explained by a recovery from the infected state followed by re-
infection. In so far as our technique is watertight, that obvious explanation is
excluded, except in so far as effective infection might be produced and recovered
from within a period of 7 days. If, for instance, on the 1st day of exposure a
mouse became infected, in the sense that if at the end of 24 hours it had
been removed to isolation it would, either by dying within 60 days or at the
end of 60 days showing evidence of infection, have gone into the infected
group; but if at the end of 7 days it had completely recovered, then if that
mouse became reinfected between the 7th and the 14th day it would appear
in our statistics as a new 7-14 infection. It is possible that we have here a
factor of the subsequent increase, but we doubt whether it can be a large
factor. A more probable explanation is this. Let us speak of the receipt by
an animal of a dose of infective material as contamination to distinguish it
from infection which implies a change in the quality of the recipient. It is,
we think, difficult to believe that contamination can be other than fortuitous, so
that the " law " of change with time of the numbers contaminated should follow
the rule of geometrical progression. For if in any unit of time the chance of
being contaminated is p, the succession of newly contaminated animals should
be p, (1 — p) p, (1 — pY p, (1 — p)3 p and so on. In practice we should, of course,
replace these expressions by those of Poisson's series, but the principle is the
same. But there is no reason why the succession of new infections should
follow this rule at all. It might be, for instance, that of the proportion p
contaminated in the first unit of time only a fraction, kp, say, where k is less
than unity, responded immediately by becoming infected, the remainder
(1 — k) p might experience a latent period of several intervals and only figure
in the infected class some weeks later. The result would be that the smooth
declension in geometrical progression of the series of new infections would be
distorted.

In principle the difficulty is similar to those discussed on pp. 96 et seq. of
our Report to the Medical Research Council (1936), and our data are not
sufficiently extended in time for any further arithmetical treatment to be
useful. It is at least clearly established that infection, using that term as in
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our Report "to denote any significant change in the host—death, illness or a
change in specific immunity" (op. cit. p. 97), certainly does not follow a simple
geometric law in time.

CONCLUSIONS

The tentative conclusions which we should draw from this experiment are,
therefore, as follows:

(1) If mice are added to an infected herd in large batches at regular short
intervals, and a proportion of these are withdrawn at intervals of the same
length, the life-table (cage age) mortality differs widely from that experienced
in epidemics in which additions to the herd are made at a constant daily rate,
and no mice are withdrawn. The difference lies in a rise to a lower peak of
mortality during the earlier days of cage age, followed by a maintenance of
the level of mortality then reached for at least 70"days, in contrast to the early
rise to a higher level of mortality, followed by a rapid fall, which has been
consistently observed when continuous additions are made.

(2) Withdrawal from an infected herd in which an epidemic is maintained
at a high and steady level is advantageous at any period of exposure to risk,
at least up to the 35th day. There is, as would be expected, evidence that the
earlier the withdrawal, the greater is the benefit. The advantage of with-
drawal is to a slight degree offset by the fact that the change in environment
from herd life to isolation in a single cage increases the death rate in all groups
during the first few days of life in isolation.

It should be noted that this conclusion applies only to epidemics in which
the level of mortality is being maintained at a high rate by the steady influx of
susceptibles. It does not follow that the dispersal into small groups, or into
complete individual isolation, of animals exposed to a closed, and therefore
self-limited, epidemic would have a like effect. Our previous experience
suggests that the effect would in fact be slight once the epidemic had begun
to decline.

(3) The results of this experiment confirm our earlier conclusions that
mice remaining in an infected herd do not, through increase in resistance,
become indifferent to fluctuations in herd mortality, during at least the first
35 days of herd life.

(4) These results also accord with our previous findings that the rate of
infection in herd cannot be accounted for by any law based on a constant
average risk of infection throughout herd life, if infection is defined as involving
some detectable evidence of its presence. Since it seems clear that the average
risk of receiving a dose of the infecting organism must be approximately
constant when adequate numbers of mice are observed over an adequate
period of time, there must be some factor, or factors, which render mice less
susceptible to a change from the uninfected to the infected state as cage age
advances. Our results in this, and in earlier experiments, suggest that there
are fluctuations in susceptibility to infection during the later period of herd
life.
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