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Background: There has been an outbreak of the severe acute respiratory syndrome (SARS) worldwide.
With the use of detailed epidemiological data from other countries, this article describes the possible
reason for the SARS epidemic not appearing in Japan, and simulates the impact of different control
strategies that can break the transmission cycle of SARS associated coronavirus.

Method: Mathematical modelling is used for predicting the epidemiological outcome and simultaneously
for evaluating the effect of interventions on SARS. The study estimates the initial attack size that would
result in failed invasion. Three different interventions have been incorporated into the public health
response policies; precautionary public health measures, isolation of infected people, and quarantine of
exposed humans.

Results: The maximum number of humans newly infected could be roughly estimated on the basis of the
initial attack size, using simple formulas. It is seen that the introduction of only a few cases into certain
communities would not lead easily to an epidemic. The possible trajectories of SARS epidemic depend on
the levels of public health interventions as quarantine and precautionary public health measures greatly
affected the transmissibility of the disease. It is shown that there exist threshold levels of interventions at
which the SARS epidemic settles down.

Conclusion: Initial attack size is one of the determinants of whether SARS can successfully invade the
community or not. Two of the most effective policy procedures to prevent new infections would be to apply
stringent precautionary measures and to impose quicker and more effective quarantine of the exposed

populace.

SARS associated coronavirus (SARS-CoV or SCV), is a

contagious and rapidly progressive infectious disease
that can affect otherwise healthy persons, sometimes after
even trivial contacts.' As of 11 July, a cumulative total of 8437
probable SARS cases with 813 deaths has been reported to
WHO from 29 countries,” using the WHO case definition or
country specific variations.” The average overall case fatality
rate for all countries has ranged from 10.4% to 14.7%.* As the
case toll climbed steadily this spring, many research studies
have begun to appear in scientific journals on the epi-
demics,””°® and on their epidemiological and clinical
features.' 7 * Because of the extensive public health responses
to this outbreak and its possible seasonal nature, the global
public health emergency caused by the sudden appearance
and rapid spread of SARS is now coming to an end after
almost four months.”

As SARS has been a worry to Japan because of its close
proximity to Hong Kong, the Japanese health ministry has
detailed its contingency plan for situation when SARS
infected people entered into Japan.'” Although Japan
experienced the entrance of an SARS-CoV infected person
who had travelled to western Japan for a vacation and
was later confirmed to be suffering from SARS," Japan
with its high concentrated population has so far not
experienced a domestic spread of SARS. There are still
great concerns over why the epidemic did not occurr in
Japan. Some experts put down it to largely to pure luck
and partly to the washing of hands by the Japanese
public. The oncoming winter and spring seasons, the
changes in atmospheric conditions, the possible evolution
of the virulence of the pathogen, and the behaviour of

Severe acute respiratory syndrome (SARS), caused by
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the host could lead to the re-emergence of disease. It has
been predicted that there is a strong possibility”’ that SARS
will reappear in the next winter season. It has been pointed
out that misdiagnosis of SARS cases would be highly likely if
the incidence of influenza is high during the next winter
season.

In the face of so many unknowns, several mathematical
biologists have challenged the presently used models for
describing the possible mechanisms for the survival and
spread of SARS-CoV, as well as the assessments of the public
health interventions.'*'* Models may be conceptualised as
thought experiments, and are extremely useful tools when
physical experiments are impossible to perform because of
time, monetary, practical, or ethical constraints.”” They may
also help us to realise which factors are the most important
determinants of the development of the epidemic, and
therefore which factors should be studied more closely and
be measured more precisely. The purposes of this study are to
clarify the possible reason for the SARS epidemic not
occurring in Japan this past epidemic cycle, as well as to
simulate the impact of different control strategies for
breaking the transmission cycle of SARS-CoV, within a
mathematical framework.

METHODS

Mathematical model

The analysis presented in this paper is based on a
deterministic mathematical model for epidemic predicting
the epidemiological outcome while simultaneously evaluat-
ing the effect of any specified control strategy on SARS. The
model is a modification of the SEIR model™ given as a set of
ordinal differential equations that are based upon specific
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Figure 1 Transmission dynamics of
the SARS taking into account the impact

of precautionary measures and
Y2 uarantine system. The subscript g
genotes whether the new infections are
quarantined or not with a proportion g.
When 100% effective precautionary

Tq(l - p) o B(1 —x)qt lq

T measures are implemented, a
R proportion, «, of the potentially infected

contacts is protected. S and I represent
the proportion of the population
susceptible and infectious; E, the
proportion of untraced latent persons;

" Eq the proportion of traced latent

B(1 -x)(1 -aq)g ¢

contacts; T, the proportion of traced
uninfected contacts; Q the proportion of
infectious in quarantine; Iq the

biological and intervention assumptions about the transmis-
sion dynamics of SARS (fig 1). An SARS-CoV infection of the
susceptible population (S) results first in a non-infectious
incubation period, which constitute the latency period (E).
A proportion of the exposed persons, who had taken
effective precautionary measures, would not be infected.”
The others become infectious, often being symptomatic
with fever followed by rapidly progressive respiratory
compromise (these being labelled (I)) and, then slowly
recover or die (R)." While infectious, they transmit the
disease to susceptible persons at a rate dependent on the
basic reproductive rate, R,. Two of the public health
interventions for interrupting the transmission are
quarantining the people who are known to have been
exposed and therefore may be infected but are not yet
ill (denoted by the compartments T and E, which does
cach refer to “traced but not infected” and ‘“traced and
infected” in fig 1) and moving infectious people into isolation
(I;).** We assume each susceptible makes { contacts per day
with the infectious person. Among the known contacts (in S),
some would be infected with the probability of § per contacts
(and enter into Egq) and (1-f) remains uninfected (and enter
into T). These processes can be modelled using an approxi-
mately parameterised set of differential equations(1) as
follows:
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Given that our model is based on the Kermack and
McKendrick epidemic model,”" the situation just before the
entrance of infectious persons into the community is given by
(S(t), E(t), I(t), R(t))=(N, 0, 0, 0) and its subsequent
development by:

proportion of infectious isolated; R the
proportion of recovered and death.

MO _ (50 —a)1 = ey — (1 + 8100

)

where N is the size of the population in which the epidemic
occurs. As the condition that SARS becomes possible to
invade the community is f(I1—q)(I1—x){N—({+y;)>0, the
basic reproductive rate, R,, is given by:

_ A1) = RN
A ®)

A description of the other principal parameters in the
model and of their assigned value is presented below.

Parameter values

Table 1 contains the parameter values for our base case.
Assuming that the biological variables for Japan do not differ
much from those of Hong Kong because of similar population
densities and lifestyles (this clearly being a rough assump-
tion), we use the values given in the epidemic modelling of
Hong Kong' for those parameters whose values are not
available for Japan. The infection rate f  is chosen so that
R, =3, which is the mean value on the order of 2 to 4
estimated in the previous studies done in similar ways."* >
We assume that the pattern of contact is linearly related to
the population size so that { N denotes the daily number of
contacts in the population. We varied R, while doing
sensitivity analyses with regards to g and k. We assume that
an attack of 10 initial cases entered into a population of
287 000 persons, supposedly Shinjuku, Tokyo, as our baseline
case but vary the attack size between 0 and 20 cases in our
sensitivity analysis. It is somewhat unrealistic to expect that
the population at risk would be at the national or prefectural
level as it would not be possible to have 100% of this
population come into possible direct or indirect contact with
the disease within the short time period of concern. We have
instead considered the epidemic within a city or ward sized
population level, such as Shinjuku. Here, Shinjuku is
assumed because of its similar population density to Hong
Kong in addition to its population size.

We first estimate the number of newly infected (second-
ary) cases that results in a failed invasion in certain
community for different initial attack size. We defined
“failed invasion” as there being no secondary cases within
incubation period after contacts with infectious people. We
then performed a linear regression analysis to establish the
linear correlation using a simple mathematical formula.

www.jech.com


http://jech.bmjjournals.com

Downloaded from jech.bmjjournals.com on 29 August 2005

188 Nishiura, Patanarapelert, Sriprom, et al
Table 1  Parameter values for transmission dynamics of SARS in Japan
Parameters  Description Baseline values  Reference
" .. 0.0666667
Bs the probability of transmission per contacts person/day 14
q the daily rate at which latent individuals are traced 0.75 14, see fext
« the proForhon of exposed person who performed effective 0 See text
precaution
¢ the average rate at which latent individuals become infectious  0.2/day 27
the rate at which the traced uninfected contacts 0.2/d 20
° released into the community ARy
4 the daily number of contacts per capita 9/person/day 14
3 the mean daily rate at which infectious cases are isolated 0.0333333/day 14
2 the percapita rate for recovery and death 0.1666667/day 27
(y2)! the mean duration for quarantine 10 days 29

Additional assumptions are that no transmission occurs from
those people who are quarantined, isolated, dead, and
recovered. As for the precautionary measures, we would like
to point out that it may be too optimistic to assume that the
measures are 100% effective so that there are no spreads of
the disease among the people coming in contact with the
infected. An analysis on the impact of isolation is not covered
in this paper because it has already been well analysed."

In this study, the total number of people in the population
is taken to be constant during the epidemic. The background
mortality rate is assumed to be negligible over the time
periods examined. As the cases of ‘““super-spread” events
(SSEs), where a person may generate much more than the
average number of secondary cases, has been described as a
rare heterogeneous event,®* we did not take this mode of
transmission into consideration as the known values R, for
SARS were calculated with certain adjustments of the
number of secondary infections in this phenomenon and
our aim is not to estimate the exact value of the basic
reproductive rate but to understand, as a possible scenario in
Japan, the role of initial attack size and interventions for the
commonest transmission route. We assume that there is
homogenous mixing among the infectious and susceptible, so
that every infected person will pass the disease to exactly R,
susceptible persons simultaneously within an infectious
period of (y;)”"' days. Simulations were performed with a
time step of 0.1 days. The model has been programmed using
Turbo Pascal Version 1.5 (Borland International, Scotts
Valley, CA, USA) working on Microsoft Windows platform.
All data from the program were analysed using Microsoft
Excel 2000 (Microsoft Corporation, Redmond, WA, USA)
except regression analysis performed using Epi Info 2002

(Centers for Disease Control and Prevention, Atlanta, GA,
USA).

RESULTS

The results of a simple scenario analysis show the probable
dynamics of the SARS epidemics under different conditions
(fig 2). The results in the analyses are given for up to 50 days
after the onset of epidemic in the figure. It is unrealistic to
estimate for longer time periods as one should not expect the
health policy and control strategies as well as social reactions
to remain static over longer periods. In figure 2A, four
possible trajectories are shown for different initial attack
sizes—that is, how many infectious persons were first
introduced into a specific community having a susceptible
population. The number of newly infected cases quickly rises,
peaks, and then falls when more than five initial number of
infectious (I(0)N=5) are introduced while dramatic increase
is not seen with one initial infectious (I(0)N<I). Even
though the control strategy remains the same, a more steep
increase and more prolonged epidemic would be caused by
bigger initial attack size. Figure 2B shows the model
generated maximum number of newly infected as well as
cumulative incidence over the time period examined. The
maximum number of newly infected denotes the number of
newly infected at the peak of the curve in figure 2A. It was
found that there exists a linear correlation (coefficient of
determination, * =0.998) between the maximum number
and the initial attack size. The cumulative incidence, on the
other hand, looks like a power two dependence on the initial
attack size that is mathematically expected as the cumulative
incidence is the area between the curves and x axis in
figure 2A. From a regression analysis, the relation between

— I[O)N = 20 — Maximum number Figure 2 Dynamics of a SARS attack
----- I[O)N =10 of infected with the basic reproductive rate Ro=3.
— (0N =5 Cumulative Effectiveness of the quarantine denoted
7 A | O)N = 1 B incidence by, g=0.75, and of the precautionary
5 30— 7 25— 1.00  measures, k =0. (A) Number of newly
5 ] infected SARS cases according to initial
L5 <= <& number of infectious population. (B)
3 = 20— —0.80 % Maximum number of newlrl infected
3 20l : © SARS cases and the cumulative
£ S =15 1060 -8 incidence as a function of the initial
S 55 g attack size (number of people initially
: 15 . g 2 S infected).
2 ST 8810 —o040 2
G 10/ S 3 s}
g / T £ g
L gl T 2 5k —020 3
g ! >_<
R —— R S 2 ) \ ‘ ‘ 0.00
L 0 10 20 30 40 50 0 5 10 15 20
Time (days) Initial attack size (I(O)N) (persons)
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the proportion of initial attack size (1(0)) and the proportion
of maximum number of newly infected persons
((E(1)+Eq(t))max) among total number of population, was
found to be (under the assumptions leading to the epidemic)

(E(t) + Eq(t))yux = 1.295 x 107° + 1.3111(0)
(4)

where 1.295x10~ 7 and 1.311 are the regression coefficient of
intercept and slope, respectively. Here, 1.295x10”° can be
ignored as it does not lead to a large affect even though it is
multiplied by total population N. Performing regression
analysis by varying R,, the correlation was found to be
represented by:

(E() + Eq())ypux = (% - 0.167>I(0) 5)

when R,<I because of public health interventions
(* =0.977). When we consider the maximum number of
newly infected (denoted by m1, where m = N(E(t)+Eq(1) ) pax),
we found that it was possible to relate this value with R, and
1(0) through:

m
I(ON = ——— (6)
0

Next, we found the condition that would result in failed
invasion (no secondary transmission) for each of the specific
communities with population (N), is m<I in equation (6).
Based on this, theoretically, at least 0.750 persons infected
with SARS must be introduced into the population to
produce secondary cases in our baseline simulation.

Figure 3A shows the number of newly infected SARS cases
for various values of k (the proportion of susceptible people
who have undertaken the precautionary public health
measures) and when no quarantine was carried out. Four
possible trajectories are shown. Less effective precautionary
measures (kK = 0.30) lead to an exponential growth of SARS.
Even with relatively high proportion of people undertaking
precautionary measures (k = 0.60), a gradual increase in the
number of new SARS cases is seen. When effective
precautionary measures are taken by a higher proportion of
the susceptible persons, one sees qualitative reductions in the
number of cases. This occurs even in the absence of
quarantine. The effect of a quarantine system is shown by
the linear correlation with R, in figure 3B. It is seen that in
the absence of any precautionary measures, one needs to
quarantine at least 66.7% of the susceptible people who had
contacts into compartment Eq and T in order for the epidemic
to die down. Other information can be gained from the
formula of basic reproductive rate, by noting that by
interchangeable variables and ¢ in figures 3A and 3B, we
would be looking at the effects of changing the values of ¢
with no precautionary measures being taken. Hence, the

o Initial attack size is one of the determinants of whether
SARS can successfully invade or not.

e |t is seen that the introduction of only a few cases into
certain communities would not lead easily to an
epidemic.
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condition to break the chain in person to person transmission
of SARS can be described as:

(I—q)(1—k) (7)

<_
Ro

This relation is shown in figure 3C. The curve shows the cut
off points for R, to be 1. Figure 3D shows the changing
pattern of R, for different combination of quarantine cover-
age and precautionary measure coverage in a three dimen-
sional illustration. For the baseline simulation where R, = 3,
the left form of equation (7) should be less than 0.33 in order
to control SARS effectively.

DISCUSSION

Two important conclusions can be drawn from our analyses
on the assessment of the role of initial attack size, and of the
impact of interventions on possible SARS epidemic in Japan.
Firstly, it is shown that the maximum number of newly
infected, or the crude size of epidemic, could be roughly
estimated based on initial attack size under certain public
health interventions. In other words, it would be possible to
predict the fate of an epidemic when SARS infected persons
enter each community having approximately the same trans-
missibility and using the same control strategy. Secondly, the
possible trajectories of a SARS epidemic depends on the levels
of public health interventions as quarantine and precau-
tionary measures greatly affect the transmissibility. There
exist threshold levels of interventions to cause the SARS
epidemic to settle down, and improved effective interventions
can lead to dramatic decreases in its incidence.

Despite problems with the accuracy and uncertainty with
the data released by WHO,* a simple dynamical model still
gives reasonable simulations of the SARS dynamics. Except
for the crucial parameter for the transmissibility, B , it was
determined that the initial attack size is one of the most
important factors to determine the course of the epidemic. It
should be pointed out the cumulative incidence follows a
power two law dependence on the initial attack size while the
maximum number has a linear correlation with the size.
Thus, a larger epidemic would be experienced if the initial
attack size grows. The contribution of initial attack size to a
SARS outbreak can be transliterated into equation (6).
Although it is obtained within a theoretical framework based
on certain assumptions without taking stochastic effect into
account, and though the condition such as I(0)N<I might
not be practical in the real situation, we showed that the
introduction of a few cases into a given community would
not necessarily lead to an epidemic using this formula—that
is, successful invasion is hard to be achieved with a few initial
cases. It might be possible to say that the introduction of only
a few infectious persons into Japan was one of the reasons
for Japan not experiencing the SARS epidemic so far.
Although the fate of epidemic is determined by threshold
theorem,”' that is, R,>1 or not, successful or failed invasion
itself can be considered using generalised formula such as
ours under the condition when R,<1I. The formula could be
reasonably applied to other countries.

One must be cautious about its application, however,
because the formula is based on mathematical assumptions
that might sometimes not be true. As each compartment,
denotes the proportion of total population, it could give us
the value of real number of persons to be smaller than 1. This
may not be practical findings, but theoretically this notion
becomes important in analyses such as ours. It should be also
noted that it is based on several simple assumptions that
may not be the same for all countries. The pattern of contacts
between people differs from country to country.” Lipsitch et al

www.jech.com
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Figure 3 (A) Number of newly
in?ecfed SARS cases for different
proportion of susceptible persons who
performed 100% eﬁecﬁve
precautionary measures for the case of
Ro=3, and q=0. (B) and (C) Sensitivity
analysis for model parameters whose
values are unknown. Basic reproductive
rate, Rp, versus (B) the proportion of
quarantined contacts, (C) both the
proportion of quarantined contacts and
the proportion of exposed persons who
took eFEzcﬁve precautionary measures.

‘ (D) The necessary condition to have the
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described an outbreak of SARS through the use of probability
theory of non-extinction of a branching process.'" Such a
probability theory should be taken into account when it
comes to describe the possibility of a SARS epidemic. It also
should be noted that the size of the epidemic does not always
depend on the initial attack size. This is clearly evident when
we note that 76% of the infections in Singapore” were
acquired in a healthcare facility. SARS can easily be spread by
direct personal contact in the hospital setting.”® As is well
known, air borne transmission is not through the droplet
nuclei but is instead through the large droplets, themselves.
The wearing of a surgical mask' can stop this.

Another example of why the initial attack size may not be
the important factor is seen in Hong Kong. There we see that
clusters have played an important part in the course of the
epidemic in that city.”” The role of close and casual contacts™
and the possibility of other routes of transmission such as
through touching contaminated objects or other unknown
way should be incorporated into the model.

There has been an intensive assessment of the different
public health interventions that contributed substantially to
the eventual curtailing of the epidemic in Hong Kong.” It is
well known that an effective strategy requires aggressive
public health measures in combination with stringent

Policy implications

® There exist threshold levels of interventions at which the
SARS epidemic settles down.

® Two of the most effective policy procedures to prevent
new infections would be to apply stringent precau-
tionary measures and to impose quicker and more
effective quarantine of the exposed populace.

www.jech.com
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hospital infection control practices that meet the recommen-
dations of World Health Organisation.”” ** The SARS pan-
demic has shown that governments and public health
officials need to consider the use of quarantine as a public
health tool to prevent the spread of infectious diseases,
particularly when other preventive interventions (for exam-
ple, vaccines and antibiotics) are unavailable.”’ From our
study, it is shown that either 100% effective precautionary
measures or quarantine would lead to decline in the
incidence. Both of them reduce R, in a linear way unlike
the practice of isolation. The importance in the coverage
should be therefore emphasised. Although recent studies
with modelling' "> provided us with dynamics of SARS
including transmissibility as well as the impact of quarantine
and isolation, the role of precautionary steps was not taken
into consideration. Precautionary measures themselves are
quite important especially in hospital settings because a high
proportion of the SARS patients were healthcare workers as
was pointed out.” *

The increased amount of world travel increases the
likelihood of this disease spreading faster than past world-
wide epidemics. It is therefore critically important to prepare
for the possible introduction of SARS into the country by
introducing specific public health measures now. Two of the
most effective procedures would to introduce stringent
precautionary measures and to impose better and quicker
quarantine of those exposed. This would reduce the number
of people who get a secondary infection from contacts with
infectious persons. The important challenge is that some of
the most important public health measures have to be taken
outside the health sector.”” These measures include main-
tenance in a healthy and hygienic environment such as
penalties for spitting and closely monitoring the integrity of
sewage disposal systems.”” * The government distributing
free surgical masks and showing how they can be used
effectively can overcome the strong fear among the general
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population about this disease. In addition to infection control
measures, it should be noted that case detection, reporting,
clear and timely dissemination of information would play
important parts in the fight against SARS.”

Our study has several limitations, however. Firstly, one of
the major problems, which the world must confront, is the
absence of knowledge on SARS. In particular, it would be
hard to predict the possible trajectories in Japan as the
country has no experience with this epidemic. We believe
that one approach to overcome the problem of risk manage-
ment is to model the potential episodes with mathematical
modelling. This study was conducted with only a few known
parameter values. Although we used a single value of R,
throughout an epidemic, R, is likely to decrease after the
onset of an epidemic is detected and announced. The
qualitative and quantitative patterns of diminishing R,,
because of behavioural change (that is, if people reduce the
frequency of going out), should be incorporated in further
studies. We here performed sensitivity analyses of R, for
parameters whose values are not known. Secondly, we made
a simple assumption that either the precautionary measures
or the quarantine were perfectly effective (an optimistic
assumption) or not. Thirdly, although possible outcomes
were determined for a certain population sizes, for example,
that of Shinjuku, Tokyo, one should not expect the same
outcome for cities of the same size because of regional
variances in the age distribution, behaviour, and contact
pattern. Intercommunity transportation, migration, should
also be taken into account. Further research is therefore
necessary. It would be important to incorporate probability
theory and contact patterns into the research as the epidemic
threshold parameters should be considered based on approx-
imating the infection process, during its initial stages, by a
branching process.” The mathematical model might be
modified so that the effects of changing staffing policy for
the healthcare facilities could be simulated. Finally, incor-
porating quarantine of visitors from overseas might give us
more practical simulation.
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