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Practice of Epidemiology

When Is Quarantine a Useful Control Strategy for Emerging Infectious Diseases?
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The isolation and treatment of symptomatic individuals, coupled with the quarantining of individuals that have
a high risk of having been infected, constitute two commonly used epidemic control measures. Although isolation is
probably always a desirable public health measure, quarantine is more controversial. Mass quarantine can inflict
significant social, psychological, and economic costs without resulting in the detection of many infected individuals.
The authors use probabilistic models to determine the conditions under which quarantine is expected to be useful.
Results demonstrate that the number of infections averted (per initially infected individual) through the use of quar-
antine is expected to be very low provided that isolation is effective, but it increases abruptly and at an accelerating
rate as the effectiveness of isolation diminishes. When isolation is ineffective, the use of quarantine will be most
beneficial when there is significant asymptomatic transmission and if the asymptomatic period is neither very long
nor very short.

communicable diseases, emerging; disease outbreaks; epidemiologic methods; patient isolation; quarantine;

SARS virus

Abbreviation: SARS, severe acute respiratory syndrome.

When the global severe acute respiratory syndrome (SARS)
outbreak began in 2003, public health officials in all affected
areas scrambled to introduce measures aimed at controlling
its spread. Initially, this mainly involved alerting health-care
providers and providing them with diagnostic protocols. This
allowed many of the SARS cases to be identified, thereby
making the isolation and treatment of infected individuals
more effective. It was soon recognized, however, that the
extent to which the disease had spread was much greater than
initially thought (1-4). As a result, several countries/regions
introduced the use of mass quarantine for all individuals
suspected of having had contact with a confirmed SARS case.
These coordinated global efforts were remarkably effective

at curtailing the spread of the disease, and to date SARS has
not made a significant reemergence.

This recent experience with SARS has illustrated that
there are two central questions that must be addressed by
policy makers in the face of an emerging or reemerging
infectious disease. The first is whether or not basic public
health measures, such as isolation (i.e., the removal of
symptomatic individuals from the general population) and
quarantine (i.e., the removal of individuals who have had
contact with an infected individual but are not displaying
symptoms), are likely to be sufficient to control the spread of
the disease. A recent paper by Fraser et al. (5) has provided
a very general answer to this question, and they demonstrate
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that the crucial factors are the extent to which the disease is
transmitted asymptomatically, as well as its basic reproduc-
tion number (5).

For cases where these basic public health measures are
sufficient (e.g., SARS), the second question is then whether
or not both isolation and quarantine should be used. For
example, even in retrospect, it is not clear whether isolation
or quarantine had the greater impact in stopping the spread
of SARS, or whether both control measures were essential
(1, 6-9). This is an important question, because the use of
mass quarantine is controversial. In the case of SARS, for
example, only a tiny percentage of the quarantined individ-
uals were actually infected (7, 8, 10). While it is true that the
removal of even a small number of infected individuals from
the general population is likely to be beneficial from the
standpoint of community health, it definitely impinges upon
individual rights and freedoms. Moreover, as seen in the
case of SARS, it also imposes considerable economic and
social costs (10-12).

By use of a variety of modeling approaches, several pre-
vious studies have examined the extent to which quarantine
was probably important in stopping the spread of SARS in
different locales. These include the typical continuous-time
or discrete-time compartmental models tailored specifically
to the case of SARS (13-17), as well as more sophisticated
contact-network models (18, 19). Although the results are
somewhat mixed, a reasonably general conclusion stemming
from all of the above studies is that SARS is likely to be
effectively contained in the absence of quarantine only if very
stringent and effective isolation measures are in place.

In this article, we derive general mathematical results that
predict the number of infections averted when quarantine is
used in addition to isolation for arbitrary diseases. Our goal
is to elucidate the factors that make quarantine a relatively
effective control measure for some diseases but not for
others. We suppose that an emerging infectious disease is
in the initial stages of spreading within a community and
assume that isolation and treatment of symptomatic individ-
uals are about to be imposed as the primary measures to halt
the spread of the disease. Our index of the utility of quar-
antine is the number of infections that can be averted if
quarantine is used in addition to isolation/treatment. We
relate the expected utility of quarantine to observable pa-
rameters of a disease outbreak, so that it might be used to
inform policy decisions.

MATERIALS AND METHODS

The transmission of many diseases can be viewed as
a branching process, whereby each infected individual gives
rise to some number of new infections before either dying or
recovering (Web appendix 1). (This information is described
in the first of four supplementary appendices; each is re-
ferred to as ‘““Web appendix” in the text and is posted on
the Journal’s website (http://aje.oxfordjournals.org/).) Typ-
ically, we expect the number of susceptible hosts to decline
during this process, but because we are considering the ini-
tial stages of an emerging infectious disease, the number of
susceptible individuals will be largely unaffected by the
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FIGURE 1. A schematic diagram of the two pathways down which
an infected individual can move when quarantine protocols are in
place.

transmission process over the timescale of interest. For ex-
ample, in the case of SARS, of the approximately 4 million
people in the greater Toronto area, only 225 satisfied the
case definition of SARS (6).

Given these considerations, in the absence of quarantine,
the spread of the disease can be modeled by assuming that
each infected individual produces a random number of new
infections, Ry, the value of which is drawn from some prob-
ability distribution, p,(-). This number of new infections
includes those generated in all stages of the disease, in the
absence of quarantine but in the presence of isolation. For
example, it includes all new infections produced while
asymptomatic, while symptomatic but not isolated, and
while isolated and receiving treatment. The subscript “I”’
refers to the fact that isolation alone is being used.

If quarantine is used in addition to isolation, then there are
two pathways down which an infected individual can travel
(figure 1). First, an infected individual can eventually be
quarantined before developing symptoms and being placed
in isolation. We assume that this happens with probability, g.
Thus, if considerable effort and resources are put into quar-
antine (e.g., through the use of thorough contact tracing),
then g will be relatively large. Conversely, ¢ = 0 in the
absence of quarantine. Second, an infected individual might
escape being quarantined and therefore be removed from the
general population only after developing symptoms. This
happens with probability 1 — g. We note that, in reality, g
will undoubtedly change through time as the efficacy of
quarantine procedures increases during an outbreak, but
our goal here is to examine the effectiveness of a constant
level of quarantine. In this sense, our results can be viewed
as a best-case scenario for the utility of quarantine.

Individuals that escape being quarantined generate the
same number of new infections as would occur in the ab-
sence of quarantine procedures. For those individuals that
are placed into quarantine, the number of new infections
generated will differ from this. Infections might still be
generated while in the asymptomatic stage (before being
quarantined), and they can also be generated while in quar-
antine and/or while in isolation after symptoms develop. We
assume that the number of infections generated by such
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individuals is also a random variable, R, but it is drawn
from a different distribution, pg(-).

A key parameter in the results that follow is p=
(R; — Ror)/R;, where the overbars denote expectations. This
is the proportion of the infections generated by an individ-
ual that will be stopped by quarantine. The presence of quar-
antine can affect p in two separate ways. First, even if there
is no asymptomatic transmission of disease, the use of quar-
antine might cause p to be nonzero if it allows the more rapid
identification and isolation of symptomatic individuals (7-9).
As such, the use of quarantine actually affects the number of
infections generated by symptomatic individuals. Second, if
quarantine has no effect on transmission from symptomatic
individuals, it will still cause p to be nonzero if there is some
transmission during the asymptomatic phase. In this case, if
individuals no longer transmit the disease once they are
placed in quarantine, then p can be interpreted as the pro-
portion of infections that are generated by asymptomatic in-
dividuals (because the use of quarantine will then prevent all
of these infections).

Given the parameters g and p, the product gp lies between
zero and one, and it is an index of the effectiveness of
quarantine at the level of infected individuals; gp = 0 only
when quarantine is absent (i.e., ¢ = 0) and/or when placing
an individual into quarantine has no effect on the number of
infections that he/she generates (e.g., because there is no
asymptomatic transmission and quarantine does not im-
prove isolation procedures). Conversely, gp ~ 1 only if all
infected asymptomatic individuals are identified and quar-
antined (i.e., ¢ = 1) and if quarantine (in conjunction with
isolation) prevents all disease transmission (i.e., p = 1).

RESULTS

In the case where R; > 1, quarantine is clearly necessary,
and our analysis (Web appendix 2) shows that the benefit
can be substantial. Now suppose that isolation alone can
stop the spread of disease (i.e., R; < 1), so that the expected
total number of infections occurring in the absence of quar-
antine will approach a constant value as time passes. Quar-
antine might nevertheless still be useful in this context by
reducing the number of infections that occur before the out-
break ends. We denote the number of infections averted by
generation n by D, (index cases belong to generation O,
those they infect belong to generation 1, and so on). The
expected number of infections averted by quarantine once
the epidemic has ended is

500:(R1—(1—QP)R1>( 10) )
1—(1—gp)R; ) \1-R;
(Web appendix 2), where I, is the initial number of infections.
The notation in the first set of parentheses in equation 1
represents the percentage of infections that quarantine can be
expected to avert. Figure 2a plots equation 1 with I, = 1 for
different values of the product gp. This represents the number
of cases averted by quarantine for each initially infected in-
dividual. Even if quarantine is extremely effective (i.e.,
gp = 1), which requires that all asymptomatic individuals
be identified and placed into quarantine (i.e., ¢ = 1) and that

Am J Epidemiol 2006;163:479-485

an individual generates no new infections once quarantined
(i.e., p = 1), quarantine still has only a marginal effect on the
expected number of infections averted over a wide range in
R, (which, recall, is the expected number of infections gen-
erated by an infected person if isolation alone is used). For
example, if the reproduction number is R; = 0.5, then quar-
antine is predicted to prevent only one extra infection for
each individual that was initially infected. The number of
infections averted becomes significant, only when the effec-
tiveness of isolation decreases to the point where it is no
longer able to stop the spread of disease (i.e., only when R;
approaches one). Also note that, because of the form of
equation 1, its predictions are relatively insensitive to error
in the estimates of R; unless R, is close to one (figure 2).

Part of the reason that the expected number of infections
averted is very small stems from the fact that, unless the
reproduction number, R,, is close to one, very few infections
will occur even if isolation alone is used. This can be better
illustrated by plotting the percentage of infections that are
averted by quarantine (i.e., the first factor in equation 1).
Figure 2b illustrates how this increases to 100 percent when
the effectiveness of isolation decreases (i.e., when R; in-
creases). We can also see that, if most infections are gener-
ated by symptomatic individuals and if quarantine does little
in terms of increasing the efficiency of isolation procedures
(so that p < 1), then quarantine will have very little effect
on the number of cases averted or on the percentage averted.
On the other hand, for the case where both g and p are near
one (which are the conditions under which quarantine will
have its greatest effect), then the percentage of infections
averted by quarantine can be approximated by

P~Rj. (2)

Equation 2 is particularly simple, illustrating that, under this
best-case scenario, the percentage of infections averted by
quarantine is equal to the reproduction number when only
isolation is used.

The above results give an expectation of the number of
infections averted by quarantine, but how likely is it that, by
chance, the number might be greater than this? This ques-
tion is more difficult to answer but, subject to some mild
assumptions, one can derive a conservative estimate that
applies for any distribution of infections generated by each
infected individual, p;(-) or po(-) (Web appendix 2). Figure 3
plots a conservative 80th-percentile upper bound on the
number of infections averted through the use of quarantine,
for the best-case scenario in which the probability of quar-
antining an infected individual is one (i.e., ¢ = 1). There is at
least an 80 percent probability that the actual number of
infections averted through the use of perfect quarantine in
any given outbreak lies below these upper bounds. These
results are very general and further strengthen the finding
that quarantine is unlikely to have a significant impact unless
isolation alone is relatively ineffective (i.e., R; is large).
Furthermore, these analytical results appear to be quite con-
servative when judged against results from a fully stochastic
simulation (Web appendix 3).

Further insight can be gained from the above results by
examining the case where there is very little asymptomatic
transmission (p is small). This appears to be true for several
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FIGURE 2. The effect of the reproduction number in the presence of isolation, R,, on the efficacy of quarantine, as shown by the total expected
number of infections averted by quarantine during an epidemic for each initially infected person (a) and the percentage of infections averted by
quarantine during an epidemic (b). The parameter combination gp is an overall measure of the effectiveness of trying to place an individual into
quarantine, g is the probability that an asymptomatic individual will be identified and placed into quarantine, and p is the proportion of infections
generated by an individual that can be prevented by placing the individual into quarantine (which is roughly equal to the proportion of infections

generated by asymptomatic individuals).

diseases (table 1; Web appendix 4), including SARS (1,4, 9,
20). To apply the results to SARS, we require an estimate for
the reproduction number when isolation alone is being used.
There are currently no direct estimates of this parameter
available, but we can estimate it indirectly by using the
component parameter estimates of Gumel et al. (14). Bear-
ing in mind the uncertainty in such estimates, we obtain
a potential range of values from R; = 0.28 to R; = 0.46.
Taking R; = 0.5 as a conservative estimate, the results given
by the bold curve in figure 3 (for which p = 0.05) suggest
that there is a probability of at least 80 percent that the use of
perfect quarantine for SARS (i.e., ¢ = 1) would reduce the
number of cases by no more than approximately 2.6 cases

for each initially infected person (assuming that the values
o; = 0.5 and oy, = 0.25 of figure 3 are reasonable for
SARS). This is a very conservative upper bound on the
expected outcome, however, and therefore, unless the vari-
ance in the number of infections generated by individuals is
much larger than those used to generate figure 3, the use of
quarantine is predicted to have very little effect. As a result,
investing limited resources in ensuring that isolation is very
effective (e.g., quick removal of symptomatic people from
the population; extremely secure isolation facilities to pre-
vent transmission by such individuals) is likely to be a much
more valuable control strategy for SARS than the use of
mass quarantine.

Am J Epidemiol 2006;163:479—485
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Number of infections averted

FIGURE 3. The mean number of infections averted by quarantine (solid curves), along with the mean plus 2 standard deviations (dashed curves).
We expect at least 80 percent of the outcomes to lie below the bounds given by the dashed curves (Web appendix 2). Bold curves: 6,= 0.5, og, =
0.25, p = 0.05; thin curves: o, = 0.5, og = 0.25, p = 0.95. All results assume that g = 1.

DISCUSSION

Our results indicate that there are three main require-
ments for quarantine to substantially reduce the number of
infections that occur during a disease outbreak. These are
the following: 1) a large disease reproduction number in the
presence of isolation alone; 2) a large proportion of infec-
tions generated by an individual that can be prevented
through quarantine, p; and 3) a large probability that an

TABLE 1. Estimates of the proportion of infections that are
generated by asymptomatic individuals, p, for a variety of
diseases*

Disease Proportion, p
Whooping cough 0.25
Scarlet fever 0.25
Measles 0.46
Influenza ~0.5
Chickenpox ~0.53
Mumps 0.74
Rubella 0.81
Diphtheria Relatively high
Poliomyelitis 0.97
Smallpox ~1
Hepatitis B ~1

* Refer to Web appendix 4 for more information. Quarantine is ex-
pected to be useful only for those diseases that have relatively large
values of p. Results are based on data from table 3.1 of Anderson
and May (23).
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asymptomatic infected individual will get placed into quar-
antine before he/she develops symptoms and is isolated, g.

Having a relatively large reproduction number in the pres-
ence of isolation is necessary for quarantine to have a sub-
stantial impact, but it is not sufficient. It must also be true
that a large proportion of infections generated by an indi-
vidual can be prevented through quarantine (i.e., p is large).
How can we estimate this parameter for different diseases?
As a first approximation, we can equate p with the propor-
tion of infections generated when an individual is asymp-
tomatic (5). We can then use the data on the length of
infectious periods, along with incubation, latency periods,
and the likelihood of completely asymptomatic infections oc-
curring for different diseases to estimate p (Web appendix 4).
Table 1 presents estimates of the proportion of infections
that are generated by asymptomatic individuals for a variety
of diseases. The diseases with the largest values of p are
smallpox and hepatitis B, whereas those with the smallest
values of p are whooping cough and scarlet fever.

Aside from the above disease-specific factors, there are
also some ways in which public health officials can increase
the parameter p. One possibility is to ensure the strictest
adherence to quarantine protocols. This will ensure that the
number of infections generated by individuals in quarantine
is as small as possible. Second, quarantine can be used to
enhance the speed of isolation of symptomatic individuals
(e.g., because asymptomatic individuals in quarantine are
under close scrutiny). In this case, quarantine would reduce
the number of infections generated by an individual, in part,
by reducing the number of infections generated by symp-
tomatic individuals. If this is the main reason for p being
large, however, then there is an alternative to quarantine that
might be more suitable. Rather than placing the suspected
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asymptomatic people into quarantine, simply inform them of
their status and tell them to report to a hospital at the first sign
of any symptoms. This approach has nearly all the benefits of
quarantine in terms of enhancing isolation procedures with-
out incurring the costs of actual quarantine.

Having a relatively large reproduction number and having
a relatively large value of p are not sufficient for quarantine
to have a substantial impact, either, however; it must also be
true that g can be made large. This is the probability that an
infected, asymptomatic individual will be placed into quar-
antine before he/she develops symptoms and is isolated. The
chief way in which this can be increased is by investing
more in rapid contact tracing. Nevertheless, there are two
reasons why this might still be infeasible.

First, if the duration of the asymptomatic period is too
short, then it is unlikely that much can be done to identify
infected individuals prior to their developing symptoms. Of
course, there might still be a benefit in attempting to do so
through the increased rate at which symptomatic individuals
are removed from the population, but this is a matter of
quarantine’s being useful through its effects on enhancing
isolation procedures rather than being useful in itself.

Second, if the duration of the asymptomatic period is
too long, then it will be extremely difficult to identify
those individuals that are likely to have been infected by a
given infected person (by virtue of their having had many
contacts during the asymptomatic phase). Furthermore, if
the asymptomatic period is very long, then the quarantine
period must also be correspondingly long (21). Such lengthy
quarantine periods would be very difficult to implement,
again making it unlikely that ¢ can be made very large.
For example, even though the value of p is large for hepatitis
B (table 1), it is unlikely that g could be large enough for
quarantine to prove a useful control measure for this disease.

It is worth noting that public health interventions aimed at
increasing ¢ (e.g., increased effort in contact tracing) might
also result in a beneficial increase in p. In the development
of the model, we have assumed that the likelihood of an
individual’s being placed into quarantine, g, varied indepen-
dently of p, the proportion of infections that are prevented
(per infected individual) by placing a person into quarantine.
For some quarantining techniques such as contact tracing,
however, increasing the resources devoted to this task in the
hopes of increasing g might also increase p. In other words,
not only would asymptomatic individuals have a greater
likelihood of being quarantined, but they would likely be
placed into quarantine more quickly as well (thereby poten-
tially increasing p). As a result, it is important to bear in
mind that any real-world public health intervention can re-
sult in alterations to more than one of the relevant parameters
in the theory developed here.

Finally, we note that the application of the above results for
any emerging or reemerging infectious disease rests heavily
on the ability to obtain an estimate of the disease reproduc-
tion number in the presence of isolation alone (i.e., R;). There
has been much research on the estimation of disease repro-
duction numbers in general, but a recent paper by Wallinga
and Teunis (22) offers the most useful approach in the context
of our results. From data from epidemic curves, these re-
searchers presented a real-time method that can be used to

estimate the reproduction number over time. Given that iso-
lation will often be the first invention used for emerging
diseases, this method might thereby be used to obtain quick
estimates of R; in the initial stages of an outbreak.

In summary, the above results suggest that the number of
infections averted through the use of quarantine is expected
to be very low provided that isolation is effective. If iso-
lation is ineffective, then the use of quarantine will be most
beneficial only when there is significant asymptomatic
transmission and if the asymptomatic period is neither very
long nor very short.

Editor’s note: References 24-32 are cited in the Web-
only appendices posted on the Journal’s website (http://aje.
oxfordjournals.org/).
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APPENDIX 1 — General Results for Branching Processes:

We view an epidemic as a discrete-time branching process beginning with /; infected
individuals, and where time is indexed by n. Thus the total number of infections that have
occurred by generation n represents the total number that have occurred once the
transmission lineage stemming from each initially infected individual has passed through
exactly n generations (or else it has gone extinct prior to this occurring). Let N denote a
random variable representing the number of new infections generated by a single infected
individual. The mean and variance of N are denoted by u and v* respectively. Using T,
to denote the random variable representing the total cumulative epidemic size by

generation n, we then have
1-u
E[T,]=———1, (S1.1)

and

var[T,]=v’ - 1. (S1.2)

We can then write equation (S1.1) more explicitly using the notation of the text.
The expected total number of infections that have occurred in the presence of both

quarantine and isolation up until generation 7 is

- _1-(0-ap)R))

" 1-(-gp)R,

I, (S1.3)
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where we have just substituted u = qEQ, +(1-¢g)R, into equation (S1.1) and simplified.
With this notation, we can write the expression of the variance in 7, more explicitly by

first noting that v is calculated as follows:

v2 =gE[R, |+ (1-@E[R}]- (4R, + 1-9)R,) . (S1.4)
Thus, we have
varl,] = v, (0-apR )" ~apR, 2n s (t-g0)k,) I, (SL.5)
(1-(1-gp)R))
where
Ve =q0g +(1-9)0; +q(1-g)(R, - Ry )’ (S1.6)

is the variance in the number of infections generated by a single infected individual in the
presence of both quarantine and isolation.

It is also worth noting that the above results are quite general in so far as they are
not based on very many restrictive assumptions. We have allowed the possibility of
transmission at all stages of the disease, including from quarantined and isolated
individuals. We have also allowed the probability distribution of number of infections
generated by a single infected individual to have any form, and the results require only
that we know the mean and variance of this distribution. Finally, we note that identical
results for the expected number of infections averted can be obtained through the use of
other modeling frameworks (e.g., with a deterministic SEIQJR model; T. Day et al,
unpubl. Results).

The flexibility in the form of the distribution also means that the results are valid
for extreme events such as the super-spreading that occurred in the transmission of SARS

(24, 25). For example, super-spreading might be represented as the mixture of two



Poisson distributions, one for super-spreading events and one for “normal” transmission

events. In this case, if p is the probability of a super-spreading event occurring, and if I?,’l
and E,’z are the means of the distributions of infections occurring during a super-

spreading event and during a normal transmission event respectively, then

R, = p}_i’,,1 +(1- p)ﬁm. Moreover, we also have o; =R, + p(1- P)(Em —13,’2)2.
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APPENDIX 2 — Technical Results:

With the expressions from Appendix 1, the expected number of infections averted by

- 7_71 , Which can be written in terms of the model

quarantine by generationnis D, =T, 4=0

parameters as

_ _ I(1-R)
Dn = F(q,p,n,R,)ﬁ, (8213)
Y
where
FlapnF)- R,(1-R -6+R/"'0+6(R,0)"(1-R,)) S2.1b)
i (1-R"™(1-R 6) '
and 0=1-¢p.

Equation (S2.1a) is written as the product of the total expected number of
infections occurring in the absence of quarantine by generation n (i.e.,
I,(1- I?,"“)/(l - E,)) and the percentage of these that are averted through the use of
quarantine, F(q,p,n,R,). We are primarily interested in the total number of infections
that can be averted in the long term (i.e., as time, n, gets large). In this case, provided that
there is either some asymptomatic transmission or that quarantine can increase the
effectiveness of isolation (so that p =0), the percentage of infections that are averted by

quarantine is

. 1 if R =1
limF =

M {(E’ -(-gp)R,)/(1-U-gp)R) it R <1’ (S2.2)

On the other hand, if p =0 then quarantine will never have any effect. Equation (S2.2)

reveals that we must consider two cases separately: (1) isolation alone cannot stop the
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spread of the disease (i.e., E, =1), and (ii) isolation alone can stop the spread of disease
(i.e., E, <1).

If isolation alone cannot stop the spread of disease (i.e., R, =1) then the total
number of infections occurring in the absence of quarantine will, with nonzero
probability, grow indefinitely until the pool of susceptible hosts is depleted. At the same
time, however, the percentage of these that quarantine can be expected to avert
approaches 100 percent (equation S2.2). As a result, quarantine is likely to be very
beneficial in this case. It is only when there is very little asymptomatic transmission, and
when quarantine has very little effect on the efficiency of isolation procedures, that it will
have a marginal effect. In this case, gp will be close to zero, and although the percentage
of infections averted by quarantine still approaches 100 percent as time passes, it will do
so much more slowly. In particular, if R, is large, then the percentage of infections
averted by quarantine up to the n” generation is approximately 1—-(1-gp)". This
illustrates that the number of infections averted by quarantine will be small, only when p
is very close to zero.

If isolation alone can stop the spread (i.e., R, <1) then I,(1-R;*")/(1-R,)
approaches I,/(1-R,) as time passes. Combining this with results (S2.2) we obtain the

expected number of infections that are averted:

R -(1-gp)R, 1,

limD, = —L -0 (S2.3)
n—>o 1-(1-gp)R, 1-R,
which is equation (1) of the text. If gp is close to 1, then (S2.3) simplifies to
o= =
limD, =R, ——=, (52.4)
n— 1-R,



10

11

12

13

14

15

16

17

18

19

20

21

22

which reveals that the percentage of infections averted by quarantine is given by F =R, .
This is equation (2) of the text.
The variance in the number of infections averted (when R, <1) is given by the

variance of the difference D, = Tm|q= o, — I.. Deriving an expression for this variance is
non-trivial because the random variables, 7;|q= , and T, are not independent. A general

formula can be obtained but it is quite complex and uninformative (unpubl. results).
Therefore we focus on the simplifying case where the number of primary infections that
were generated by a given quarantined individual is independent of the number of
primary infections from this individual that were avoided because of the use of
quarantine. Mathematically, this implies that we can express the random variable, R,, in

the form R, = R,, + W where W is a nonnegative integer-valued random variable that is
independent of R, . Recall that R, (respectively, R,) represents the number of primary

infections generated by one individual that is (respectively, is not) placed into quarantine.
Thus the random variable, W, represents the number of infections from one infected
individual that are averted by putting that individual into quarantine (we note that this
independence assumption will not hold in the mixture model of super spreaders that we
describe at the end of Appendix 1; for such a model, a more general formula is needed —
Madras et al. in prep.). Under this independence assumption, the variance of the total
number of infections averted by quarantine (under the best-case scenario in which the
probability of quarantine, g, is equal to one, and the initial number of infected individuals

also equals one) is given by (Madras et al., in prep.)

2

]_ o, UZJI 1-(1+ p)l_e1
“(1-R)’ (-(-p)R) 1-R,

var[D

oo

) (52.5)



where o} and Gé, are the variances of distributions, p,(-) and p,, () respectively.

From a one-tailed version of Chebeshev’s inequality we then know that there is at
least an 80 percent chance that the actual outcome will lie below the mean, D, , plus two
standard deviations. If we start the epidemic with a single infected individual and have

perfect quarantine (g=1) this gives the upper bound as

_ _ . . —
R-(1-pR 1 +2\/ o 0 1-(+pk, 526

I - pr— pr—
1_(1_p)R1 1_Rl (1_R1)3 (1_(l_p)Rl)3 1_Rl
The upper bound (S2.6) is very conservative, however, it is valid regardless of the

probability distributions for R, and R,. This upper bound is plotted in Figure 3 of the

text.
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APPENDIX 3 — Stochastic Simulation Results:

As a check on the robustness of the analytical results presented above, we
conducted simulations of an individual-based stochastic SEIQJR model (see details
below). Parameters needed to be chosen explicitly for these simulations, and therefore we
have based our choices on available epidemiological data for SARS. We stress, however,
that these simulations are meant for illustrative purposes only, and that the primary
objective is to show that the analytical results derived from a branching process agree
with a full stochastic simulation of the original model. We also used the simulations to
examine how quarantine affects the duration of the epidemic.

Figure S1a reveals that the results of the analytical calculations agree very well
with these simulation results. The 80"-percentile upper bound obtained analytically
(dashed curve) is extremely conservative as the value of I_?, increases. This is revealed by
the 95"-percentiles of averted cases from the simulations lying well below this 80"-
percentile upper bound. The duration of the epidemic as a function of R, also follows a
similar qualitative pattern as that of the number of infections averted (Figure S1b). Thus,
the use of quarantine in addition to isolation does not appear to produce that much of an
advantage in terms of shortening the epidemic duration unless the reproduction number in
the presence of isolation, I_?, , 1s close to one (Figure S1b). When 1_3, is close to one,
quarantine appears to dramatically reduce the probability of having very long epidemics.

To obtain these results, we used a standard stochastic SIR-type model (26, 27),
but with six classes; susceptible individuals (S), exposed (i.e., infected but asymptomatic;
E), infected and symptomatic (), quarantined (Q), isolated (J/), and recovered and

immune (R). The resulting SEIQJR model was then simulated with the rate of movement



of each individual in the population among these classes being characterized as a
probability of movement per unit time. The transitions and their probabilities of
occurrence are summarized in the following table.

TABLE S1: Summary of transitions in stochastic SEIQJR model

Transition Description Rate
S—5-1 Infection transmitted Pl
E—FE+1

E—E-1 Exposed individual becomes KkE
[—=1+1 infectious

[—I-1 Infectious individual recovers cl
R—R+1

E—E-1 Exposed individual is quarantined v, E
0—0+1

I—I-1 Infectious individual is isolated 2
J—=J+1

0—0-1 Quarantined individual becomes oQ
J—=J+1 infectious

J—J-1 Isolated individual recovers cJ
R—R+1

Parameters used in the figures are based on SARS epidemiological data for illustrative

purposes. The data are summarized in the following table:



AN W kW

TABLE S2: Parameters used in the stochastic simulations

Parameter Symbol Value Comments

Population size S+E+[+0+J4+R | 4 million | Estimate of Greater Toronto Area

(an example city).

Latent period l/k 6.4 days* | Donnelly et al. (28); Chan-Yeung &
Xu (3).
Infectious period | 1/c 8 days Estimate (many sources assume no

more than 10 days).

Time to 17y, 5 days** | Estimate (but assumed longer than
quarantine 1/y,).
Time to isolation | 1/y, various The time to isolation is varied to

explore a range of R, from 0.01 to

0.99.
Transmission p 0.375 This corresponds to a value of R in
rate days™ the absence of all control measures

of 3.0 (see refs. (13, 14, 29-32)).

* K set to zero when modelling “perfect quarantine”.
** vy, set to zero when modelling “no quarantine”, and set to k¥ when modelling “50% chance of escaping
quarantine” so that an individual spends an average of 6.4 days in the E class and exits with equal

probability to either the I class or the Q class.

For initial conditions containing at least one in the E or I class, the time to the next event

next

for a single individual is computed as ¢, = —ln(U(l) ) / >, where U} is a uniform random

10
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variate in the interval (0,1) and X is the sum of the rates in Table S1. Then, to determine
which event has occurred another U, is computed. By simple scaling, the rate (0,)
corresponding to the i" process in Table S1 occupies a unique segment of length p/= on
the real line in the interval (0,1). Therefore, by computing another U, and calculating
which process segment it corresponds to, we ensure that the transitions in Table S1 occur
with the correct probability. The population classes (S,E,[,Q,J & R) are updated, as is
time, and the process is repeated until there is no more infection or potential infection in
the population. The number of infections that occurred and the duration of the outbreak

are recorded.

Legend for Figure S1. Results from the stochastic simulations. (a) Number of infections

averted by perfect quarantine (i.e., p=1and g = 1). Solid and dashed lines are the
expected number averted and the 80"-percentile upper bound from analytical
calculations. Calculation assumes that Gé, = 07 and that the distribution of infections
produced by a single individual in the absence of quarantine, p,(-), is Poisson (and hence
o, = R,). Dots are simulation results for the average number of infections averted (from

10,000 replicate runs of the simulation). Black bars indicate the 95‘h—percentile of the

number of infections averted in the simulations for the three values R, =0.2, R, =0.5
and R, =0.8. (b) Average length of epidemic (in days) from stochastic simulations for

different degrees of quarantine effectiveness (as measured by the product, gp).

11



10

11

12

13

14

15

16

17

18

19

20

21

22

APPENDIX 4 — Data analysis for p:

The data used in Table 1 were based on the estimates from Table 3.1 of Anderson and
May (23). We took the average value of the endpoints of the ranges given in Table 3.1 of
Anderson and May (23) to obtain single estimates of each. We then estimated the
proportion of infections that are generated by asymptomatic individuals for each disease
as follows: (1) we calculated the number of days of asymptomatic infectiousness from this
data by subtracting the latent period from the incubation period. (ii) we calculated the
proportion of infective days that are asymptomatic by dividing the result from (i) by the
infectiousness period. Instances where the result was negative imply that symptoms
appear before an individual is infectious and therefore we set the result equal to zero. For
Hepatitis B and Smallpox the result was greater than one. This occurred because the
variability of incubation times (as indicated by the size of the range in Table 3.1 of
Anderson and May (23)) was quite large relative to that of the infectious period. In these
cases we set the value equal to one. These results are conditional on symptoms eventually
developing, but there are some infections (e.g., Polio) for which a many infections never
result in the display of symptoms. This latter effect is incorporated into the estimates by
calculating the overall value of p as p= P{symptoms} “Pymp + (1 - P{symptoms}) -1
where P{symptoms} is the probability that an infection eventually results in the display
of symptoms, and p,,,, is the estimate obtained above (which is conditional on
symptoms eventually developing). For smallpox and hepatitis B the value of p,,  was
essentially one and therefore data for P{symptoms} for these diseases was not required.

Data for P{symptoms} for the remaining diseases was obtained as follows:

12
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Influenza P{symptoms} =0.5 (a consistent and reliable estimate could not be
found in the literature, but 0.5 is representative of many expert opinions);
Diphtheria - a quantitative estimate could not be found, although asymptomatic
transmission is known to be significant. Consequently we list it as unknown but
likely relatively high;

Whooping cough P{symptoms} =0.25 (J. Infectious Disease 170:873);

Scarlet fever P{symptoms} =0.8

(http://www.merck.com/mrkshared/mmanual/section13/chapter157/157a.jsp -
accessed on September 5, 2005);
Poliomyelitis P{symptoms} =0.05

(http://www.cdc.gov/nip/publications/pink/polio.pdf - accessed on September 5,

2005);

Chicken pox P{symptoms} =0.9 (a quantitative estimate could not be found but
expert opinion suggests that it is quite high);

Measles P{symptoms} =1 (http://www.cdc.gov/nip/publications/pink/meas.pdf -

accessed on September 5, 2005);

Rubella P{symptoms} =0.5

(http://www.cdc.gov/nip/publications/pink/rubella.pdf - accessed on September 5,

2005);
Mumps P{symptoms} =0.8

(http://www.cdc.gov/nip/publications/pink/mumps.pdf - accessed on September 5,

2005).
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