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SUMMARY

Mathematical models are used to quantify the effect of border control measures in reducing the

international spread of SARS. Border screening is shown to play a relatively minor role in

reducing disease spread. Assuming detection rates similar to those reported for arrival screening

in Australia, screening can detect up to 10% (95% CI 3–23) of infected travellers, and reduce the

probability of a large outbreak by up to 7% (95% CI 2–17). Rapid reductions in the time to

diagnosis and effective facilities for the isolation of cases are essential to ensure that there will not

be a large outbreak, and each week of delay in responding to imported infection approximately

doubles the total number of cases. While the control response is being developed in a currently

uninfected region, border screening can provide up to one week’s additional time in which to

improve methods for early isolation of cases.

INTRODUCTION

During the outbreak of severe acute respiratory syn-

drome (SARS), a number of control measures were

put in place to try to prevent the disease spreading

into uninfected countries [1]. Border screening was

implemented in both infected and uninfected coun-

tries using health declaration cards and (in some

cases) temperature scanners. Detection rates by these

means were very low. Hong Kong screened around

36 million passengers, and detected two SARS cases

[2]. In Canada, nearly 1 million outbound passengers,

and over 3 million inbound passengers were screened,

and no cases were detected [3]. Singapore screened

0.4 million people entering the country and did not

detect any cases [4].

Countries without local transmission of SARS also

instituted border screening measures. During the peak

of the global outbreak, there were 1.8 million arrivals

into Australia. Of these, 734 were referred to an air-

port nurse on the basis of symptoms and travel his-

tory, and were assessed for clinical symptoms and

fever [5]. Of the 29 people symptomatic on arrival into

Australia that were subsequently investigated as either

a suspected or possible SARS case, only four were

detected by border screening [5]. Entry screening at

the two international airports in Italy did not detect

any of the 72 individuals (including four probable

cases) that were subsequently admitted for clinical

evaluation [6].

In addition to screening travellers, many countries

also provided information to travellers about the

symptoms of SARS, and gave advice on what to do

if they should develop these symptoms. The benefit of

this control measure was demonstrated on at least one

occasion, when an infected passenger arriving in

British Columbia followed the advice of the health
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notice and thus avoided infecting any other indi-

viduals [3].

These border control measures were combined with

a series of control measures in infected countries

that reduced the numbers of infected individuals

attempting to travel. The weekly average time from

onset of symptoms to isolation of cases in Singapore

dropped from around 9 days at the start of the out-

break to under 2 days in the later stages [7]. Analysis

of the Hong Kong data showed that the mean time

from onset of symptoms to admission to hospital

dropped from 5 days to 3 days [8].

Preparation of health-care workers and facilities

also reduced the probability that an infected individ-

ual arriving in the country would start an epidemic.

Of the six cases imported into Singapore, only the first

resulted in extensive secondary transmission, a fact

that has been attributed to the ‘relatively prompt

identification and isolation of cases, together with a

low potential for transmission’ [4].

Once an outbreak has gathered momentum, a good

measure of the effectiveness of control is the average

reproduction number of infected individuals. The

effect of control measures such as isolation of symp-

tomatic cases, quarantine of household members or

close contacts of cases, movement restrictions, and

closing schools have been assessed in this way, using

transmission models and SARS data from Hong

Kong and Singapore [9–11]. However, relatively little

has been done to quantify the contribution of border

controls in containing outbreaks. Border controls

aim to protect an uninfected locality against a major

outbreak by reducing departures of infected in-

dividuals from the source region, seeking to detect

them at borders, and reducing the chance that their

arrival leads to a major outbreak. These interventions

have most influence on the reproduction number of

infected travellers, and so focus on disrupting trans-

mission before an outbreak can gain momentum. If

border controls fail to prevent an outbreak, control

measures are then directed towards reducing the

reproduction number of subsequent cases as rapidly

as possible.

In this paper we seek to compare how control in the

source region, border control, and prompt response in

the uninfected region affect the probability and size of

an outbreak. In particular we address the following

questions:

. What proportion of infected travellers can be de-

tected by border screening?

. What effect can rapid isolation of cases in infected

regions have on the number of infected individuals

departing the region?

. How much can providing information to travellers

reduce the probability that an infected traveller will

start an epidemic?

. What is the overall effect of border control on the

probability of a major epidemic?

. How much can preparedness in achieving rapid

isolation of cases in an uninfected country reduce

the probability and size of a major epidemic?

. How does effort put into border screening compare

to preparedness for an early response?

For the control of transmission we focus on early

diagnosis and isolation. For border control we con-

sider screening, a health declaration and providing

travellers with an information card.

MATERIALS AND METHODS

Transmission model

The effect of border control measures on the spread of

SARS was assessed using a mathematical model of

disease transmission from an infected to an uninfected

region that takes account of control measures in each

region and at the border. The depletion of susceptible

individuals was ignored, as all scenarios assumed that

interventions were able to interrupt transmission

before a substantial fraction of the community be-

came infected. Each infected individual was assumed

to have a similar potential to infect others. A glossary

of fixed parameters, control parameters, and disease-

risk indicators for the model is given in the Table, and

mathematical details of the model are given in the

Appendix.

We assumed that the disease had a basic repro-

duction number of 3 [9, 10], an incubation period of

3.8 days [8], and that onset of infectivity coincided

with onset of symptoms. While minimal control

measures were in place, infectious individuals were

assumed to circulate in the community for 9 days,

which is in line with the time from onset of symptoms

to isolation of cases observed at the start of the

epidemic in Singapore [7]. When control measures

improved, individuals were isolated before the end of

this 9-day period, and once isolated, they were unable

to infect any further individuals.

The data on travel behaviour of infected individ-

uals is very limited – while it seems likely that severely
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ill individuals would not wish to travel, there is data to

suggest that individuals away from home may delay

seeking medical advice until returning home [12]. In

the absence of detailed data on this issue, we have

adopted the simplest assumption about behaviour,

and assumed that infected individuals are equally

likely to travel each day between infection and iso-

lation. The prevalence of disease in the infected region

was assumed to be 5/100 000, on the basis of data

given in the Appendix. A fixed number of individuals

were assumed to travel from the infected region to the

uninfected region each day, and the probability that

one (or more) of them is infected was calculated ac-

cording to the disease prevalence and the control

measures that were in place. Clearly travellers will not

always have the same prevalence of disease as the host

population. If many cases are nosocomial, we would

expect a smaller prevalence amongst travellers ; if

outbreaks occur amongst tourists, we would expect a

greater prevalence amongst travellers. In this paper,

we focus largely on comparing the impact of inter-

ventions, as these comparisons are less sensitive to our

estimate of disease prevalence in travellers, and we

test the effect of changes in the disease prevalence on

our results.

Assessing the impact of extra variation in the

reproduction number

The effect of extra variation in the reproduction

number was assessed using a mixture model outlined

in the Appendix. Under this model, the basic repro-

duction number of an individual was RA with prob-

ability e, and RB with probability (1xe), while the

mean basic reproduction number remained equal to 3.

To test the effect of extra variation, we set e=0.5, and

chose RA and RB so that the overall standard devi-

ation in the reproduction number was 2.3. To test the

effect of superspreaders, we considered two values of

e, namely 0.01 and 0.005, and set the reproduction

number of non-superspreading individuals (RA) to be

2.7 to agree with estimates for Hong Kong [10].

Control measures within regions

The effect of control measures in infected regions was

measured using the mean time from onset of symp-

toms to isolation of infected cases in the region. For

simplicity, we used the mean time to isolation of

symptomatic individuals that could be achieved in-

stantaneously as the indicator of the level of control

in uninfected regions, and refer to this as the level

of preparedness in the region. This represents the level

of awareness of the symptoms of the disease and the

availability of health-care facilities in the uninfected

region. Additional interventions that reduce the rate

of transmission, such as wearing masks, reducing

mixing rates and quarantining members of affected

households, were not taken into account.

Control measures at the border

Border control measures were applied between the

infected and uninfected regions, ignoring any trans-

mission during travel. Providing information to trav-

ellers was assumed to make them more aware of

the symptoms of the disease, thereby reducing the

time from onset of symptoms until isolation. Border

Table. Glossary of fixed parameters, control parameters, and indicators of risk of disease transmission for the

model

Symbol Description Value or equation

p Prevalence of infected individuals in the infected region 5r10x5

R0 Reproduction number (without control) 3
A Days from infection until onset 3.8
G Days from onset to isolation (without control) 9

s Sensitivity of screening for symptomatic travelers Varies with control
G1 Days from onset to isolation in the infected region Varies with control
G2 Days from onset to isolation in (initially) uninfected region Varies with control

G3 Days from onset to isolation of an infected traveller Varies with control
d Proportion of individuals wishing to travel who are infected See equation (A 1)
r Proportion of travellers who are infected and are not detected by

border screening

See equation (A 2)

m Probability that an infected individual arriving in the uninfected
region will cause a major epidemic

See equation (A 4)
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screening detected some proportion of symptomatic

individuals passing between the regions. The pro-

portion of symptomatic travellers detected is referred

to as the screening sensitivity. Evidence from the

SARS outbreak suggests that the screening sensitivity

was unlikely to be high. Only four of the 29 sympto-

matic arrivals into Australia that were subsequently

investigated for SARS were detected at the border [5].

This would suggest a screening sensitivity of around

13.8% (95%CI 3.9–31.7). As the screening sensitivity

may vary between regions, a variety of screening

sensitivities were considered, with 13.8% used as a

reference value.

Assessing the interventions

The effectiveness of control measures was assessed

using indicators of the risk of disease transmission

such as: the probability that an infected individual

passes border screening, the probability of a major

epidemic in the (initially) uninfected region, and the

mean number of cases in this region. In this context, a

‘major ’ epidemic was considered to be one that will

not die out unless additional control measures are

put in place, or the susceptible population has been

significantly depleted.

Where possible, mathematical equations for the

disease-risk indicators were derived from the model.

Where these could not be derived analytically, simu-

lations of the model were used. In particular, when

calculating the mean size of an outbreak, it was

assumed that control measures improved over time

so that the time from onset of symptoms to isolation

of cases decreased. This improvement in control was

modelled using data from Singapore [7] where the

time from onset to isolation dropped from 9 days

to under 2 days over a 9-week period. Delays in

implementing the control were modelled by assuming

that the time from onset to isolation remained at

9 days for some number of days before the decline.

RESULTS

What proportion of infected travellers can be

detected by border screening?

Figure 1 presents the proportion of all infected trav-

ellers that can be detected by border screening, the

formula for which is given by equation (A 3) in the

Appendix. One horizontal axis shows the time

from onset of symptoms until isolation of infected

individuals in the infected region. This variable ranges

from 0, which corresponds to isolating infected in-

dividuals before they become infectious, to 9, the

assumed time to isolation of SARS patients with

minimal control. The other horizontal axis shows the

screening sensitivity – that is, the proportion of symp-

tomatic travellers that can be detected by screening. As

we would expect, a greater proportion of infected trav-

ellers are detected by a highly sensitive screening

technique. The figure also shows that a greater pro-

portion of infected travellers are detectedwhen control

measures in the infected region are ineffective. As

control measures in the infected region improve, a

greater proportion of individuals will be incubating

the disease during travel, and will not be detected by

screening. In the extreme case where control measures

in the infected region are able to isolate cases as they

become infectious, border screeningwill not detect any

additional cases. If control measures in the infected

region are minimal, a perfect border screening test can

detect 70% of infected travellers. Border screening

with sensitivity calculated fromAustralian data would

detect 10% (95% CI 3–23) of infected travellers when

no control measures are in place in the infected region.

What effect does rapid isolation in the infected region

have on the number of infected individuals departing

the region?

The maximal reduction in the number of infected

travellers departing the region occurs when all
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Fig. 1. The proportion of infected travellers that are de-
tected by border screening. The sensitivity of the screening
technique is the proportion of symptomatic travellers that

are detected by screening. The sensitivity calculated for
Australian border screening (solid line) with 95% confi-
dence bounds (dotted lines) are also shown.
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symptomatic cases are prevented from travelling,

either by strict control in the infected region, or by

highly sensitive screening. This reduces the number

of infected individuals travelling by the fraction

A/(A+G). We have assumed that there will be five

infected individuals per 100 000 travellers when mini-

mal control is in place. If all symptomatic cases

are prevented from travelling the number of infected

travellers can be reduced to 1.5/100 000. In reality,

control measures are unlikely to be perfect, in which

case there is some benefit in combining controls,

although there will always be around 1.5 infected in-

dividuals out of every 100 000 travellers that escape

both screening and early diagnosis in the infected re-

gion because they are not yet displaying symptoms.

How much can providing information to passengers

reduce the probability that they will start a major

epidemic?

Figure 2 shows the probability that there will be a

major epidemic in the (initially) uninfected region

after 10 000 travellers have arrived from the infected

region. Figure 2a assumes that border screening is not

in place, Figure 2b assumes that border screening is in

place, and that it has 13.8% sensitivity, and Figure 2c

assumes that border screening is in place and that it

has 100% sensitivity for symptomatic travellers. In

each plot, the horizontal axis shows the time from

onset of symptoms until isolation under control.

Curve A gives the case where these control measures

apply to individuals in the infected region only. In

curve B, control measures in the infected region are

combined with providing information on the disease

to travellers so that they, too, will be isolated quickly.

The effect of providing information to passengers is

similar across all three plots. When the mean delay

from onset of symptoms to isolation of cases is o4

days, providing information to passengers can reduce

the probability of a major epidemic by up to 30%.

If the delay from onset of symptoms to isolation is

under 2 days, however, providing information to

passengers reduces the probability of a major epi-

demic by >50%.

How much can a rapid response to cases in an

(initially) uninfected region reduce the probability

of a major epidemic?

Curve C in Figure 2(a–c) shows the probability of a

major epidemic if control measures are in place in the

infected region, if information is provided to travellers,

and if health facilities in the uninfected region are well

prepared so that any local cases are diagnosed and

isolated promptly. If all individuals in both regions

can be isolated within 3 days of onset of symptoms,

there is no chance of a major epidemic, regardless of

whether screening is implemented.

What is the overall effect of border screening on the

probability of a major epidemic?

Comparing Figure 2(a–c), we can assess the impact

of border control on the probability of a major epi-

demic. This impact is greatest when no other control

measures are implemented, but if the screening sensi-

tivity is equal to that calculated for Australia, border

screening will reduce the probability of a major epi-

demic by up to 7% (95% CI 2–17).
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Fig. 2. The probability that there will be a major epidemic in
the uninfected region after 10 000 travellers have arrived
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screening is not in place ; (b) the plot assumes that border
screening is in place, and that it has 13.8% sensitivity, and

(c) the plot assumes that border screening is in place and
that it has 100% sensitivity for symptomatic travellers.
Curve A gives the case where control measures are instituted
in the infected region only. Curve B assumes that in addition

to control measures in the infected region, information
on the disease is supplied to travellers so that they too are
isolated more quickly. Curve C combines control in the

infected region and information to travellers with pre-
paredness in the uninfected region, so that any new case in
the (initially) uninfected region is also isolated quickly.
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What is the effect of superspreaders or extra variation

in the reproduction number on the probability of a

major epidemic?

The first mixture model examined the effect of extra

variation in the reproduction number that might arise

from variability in the time to isolation of infected

individuals. We found that this extra variation

reduced the overall probability of a major epidemic

by around 10% under most scenarios, and reduced it

by no more than 20% in any scenario. The second

model considered the effect of superspreaders by

assuming that a small number (1 in 100, or 1 in 200) of

individuals had a very high reproduction number.

Undermost scenarios, this alternativemodel displayed

a slightly lower probability of a major epidemic.When

there were no control measures in the uninfected re-

gion, the probability of a major epidemic was reduced

by up to 10%, regardless of the level of screening.

When strict preparedness measures were adopted in

the uninfected region, the probability of a major epi-

demic was reduced by up to 50%. In this case, how-

ever, the overall probability of a major epidemic was

small, so the addition of superspreaders to the model

reduced the chance of a major epidemic from around

1% to around 0.5%. Overall, the effect of extra vari-

ation in the reproduction number on the probability

of a major epidemic is minimal.

How much can preparedness in an infected region

reduce the mean size of an outbreak?

Figure 3a shows the effect of improving control on the

time from onset of symptoms to isolation of cases.

The curve from week 0 onwards has been fitted to data

from the SARS outbreak in Singapore [7]. Prior to

week 0, the curve shows the time to isolation corre-

sponding to minimal control. Each week before week

0 is thus 1 week’s delay in implementing control

measures. Figure 3b shows the effect of 1, 2, or 3 weeks’

delay on the mean total number of cases, assuming

that the outbreak is initiated by three primary cases

(as occurred in Singapore [4]), and involves at least 10

cases in total. Each additional week of delay leads to

approximately twice the number of total cases.

How does effort put into border screening compare to

preparedness for an early response?

Figure 4 shows the percentage chance that there will

be an outbreak of at least 100 cases at some time over

a period of 30 days, assuming that there are 1000

travellers from the infected region each day, and that

the time from onset to isolation follows the curve

in Figure 3a. The x-axis represents the start of the

30-day period, labelled as in Figure 3a, and the y-axis

represents the screening sensitivity. Curves in this

figure show the contours of equal probability : the

curve marked ‘10’ corresponds to conditions that will

produce a 10% chance that there will be an outbreak

of at least 100 cases during the 30-day period.

In order to ensure that the chance of 100 cases is

<10% when there is no border screening, prepared-

ness of health-care facilities must be 4 days ahead of

that in Singapore. If border screening is in place and

can detect all symptomatic cases, preparedness may

be up to 3 days behind that of Singapore, while still

ensuring that the chance of 100 cases is <10%. In

other words, perfect screening gains health-care

workers an additional week to prepare if the goal is

for a 10% chance of an epidemic of 100 cases.

If a more stringent assurance is required – for

example that the chance of 100 cases is at most

1% – then the isolation plans must be considerably

ahead of that in Singapore. If no screening is in place,

the plan must be 17 days ahead of Singapore ; if per-

fect screening is in place, it must be 13 days ahead of

D3 D2 D1 0 1 2 3 4 5 6 7 8
0

2

4

6

8

10

Week of onset of infection

T
im

e 
fr

om
 o

ns
et

 to
is

ol
at

io
n

0 2 4 6 8 10 12 14 16 18 20
0

200

400

600

800

1000

Weeks

C
um

ul
at

iv
e 

ca
se

s Primary case arrives week 0
Primary case arrives week D1
Primary case arrives week D2
Primary case arrives week D3

(a)

(b)

Fig. 3. (a) The plot shows the time from onset of symptoms
to isolation of cases over time in the model. The curve from
week 0 onwards has been fitted to data from the SARS

outbreak in Singapore [7]. Each week before week 0 corre-
sponds to 1 week’s delay in implementing control measures.
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Singapore. When the goal is for a 1% chance of 100

cases, perfect screening allows health workers only

4 additional days. If the goal is for a 0.5% chance,

perfect screening will provide only 3 additional days.

In reality, screening is unlikely to be perfect. If

the screening sensitivity is as low as 0.138, then

introducing border screening corresponds to at most

1 additional day over no screening for each of a 0.5,

1 and 10% chance of 100 cases.

What is the effect of changes in the prevalence

of disease?

We test the sensitivity of our results to the estimate of

prevalence by comparing the results with prevalence

of 5 cases/100 000 to those with a prevalence of 1 case/

100 000 individuals. The results on the proportion of

travellers detected by screening (Fig. 1), and the mean

size of the outbreak (Fig. 3) are independent of the

disease prevalence, and so are unchanged. The prob-

ability of a major epidemic after 10 000 travellers

(Fig. 2) changes with the estimate of prevalence, but

the relative effects of the various control measures

remain very similar. For example, using our original

estimate, we calculated that border controls can re-

duce the probability of a major epidemic by up to 7%

(95% CI 2–17). With a prevalence of 1 case/100 000,

border controls can reduce the probability of a major

epidemic by up to 8% (95% CI 2–19). Similarly,

although the percentage chance of 100 cases after

30 days (Fig. 4) will change with the estimate of

prevalence, the shape of the contour lines on this

graph is very little changed, so that the trade-off

between screening and swift diagnosis of new cases

remains very similar.

DISCUSSION

This paper shows that screening and distribution of

information at borders play a relatively minor role in

reducing the international spread of SARS when

compared with control measures applied in the in-

fected region and preparedness in the uninfected re-

gion. Border screening has most effect when other

control measures are poorly implemented, however, if

the screening sensitivity is as low as the estimated

13.8% for travellers arriving in Australia, it will de-

tect up to 10% (95% CI 3–23) of infected travellers,

and reduce the probability of a major outbreak by

up to 7% (95% CI 2–17). Providing information to

travellers is most effective when individuals can be

isolated within 2 days of onset of symptoms. The only

way to guarantee that there will not be a major out-

break is to put considerable effort into preparedness.

It is essential that health-care workers and community

members are aware of the symptoms of the disease,

and that facilities are available to isolate suspected

cases as quickly as possible. Any delay in implement-

ing this strategy is costly – each week of delay approxi-

mately doubles the total number of cases.

While control measures in an uninfected region are

being prepared, border screening can assist the con-

trol effort by delaying the time of arrival of the first

infected individuals. However, with our assumed

prevalence and number of arrivals from the infected

locality, border screening is likely to postpone the

entry of an infected person by a few days only. If the

screening sensitivity is high, this measure can provide

health-care workers with at most one additional week

in which to prepare control measures. A change to

either the prevalence or the number of daily arrivals

alters the probability of a large outbreak, but does not

greatly change this trade-off between border screening

and preparedness. While border controls may often
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be seen as necessary for political reasons, it is unwise

to allow any effort put into border screening to reduce

the effort put into preparing health-care workers and

facilities to isolate new cases quickly. Our results can

inform such policy decisions by providing quantitat-

ive guidance on the relative effectiveness of control

measures.

Although the model was created with SARS in

mind, many of the results are relevant to a wider

group of emerging and re-emerging infectious dis-

eases. The benefits of screening techniques that rely

on individuals displaying symptoms will always de-

pend on the fraction of time from infection until the

end of infectivity that an individual is symptomatic.

For influenza, this fraction is around 2/3 [13], so that

in the event of an influenza pandemic, a highly sensi-

tive border screening technique could detect around

67% of travellers infected with influenza. If the sen-

sitivity of such a screening test was as low as 13.8%,

only 9% of individuals infected with influenza would

be detected.

In this study, we did not distinguish between de-

parture screening in infected regions and arrival

screening in uninfected regions. If there is little chance

of transmission during travel, there is unlikely to be

much difference between these types of screening,

unless the travel time is sufficiently long that many

individuals become symptomatic while travelling.

However, if transmission can take place during travel

(and there is evidence that it did during the SARS

outbreak [1, 14]), then departure screening has

the important benefit that it helps to reduce the like-

lihood that this will occur. Nevertheless, if the detec-

tion rate of symptomatic patients achieved by

Australian arrival screening is also typical of depar-

ture screening, there will be many opportunities for

transmission during travel. Under these conditions,

recording contact details of all travellers at the bor-

der may have significant benefits by allowing swift

contact tracing in the event of an infected arrival.

In future work we intend to quantify the risks of

within-travel transmission, and the power of control

measures to reduce these risks.

APPENDIX

Prevalence

We define the prevalence of the disease to be the

proportion of the population that is infected and

would not yet be isolated if minimal control measures

were in place. Under these conditions, individuals

incubate the disease for a period A, and then are able

to infect other individuals in the community for a

period G. SARS epidemic curves collated on the

WHO website [15] give the number of cases with onset

of symptoms on each day. Using these data, we cal-

culate the prevalence on day t as:

P(t)=
1

N

Xx=t+A

x=txG+1

O(x),

where N is the size of the population and O(x) is the

number of cases with onset of symptoms on day x.

Using data for Hong Kong, we found that the

prevalence of disease ranged up to y12/100 000 dur-

ing the course of the epidemic. For Singapore, the

prevalence ranged up to y2/100 000. Throughout

this paper we assume a prevalence of p=0.00005

(5/100 000), which represents a fairly large outbreak

of disease.

Number of infected individuals attempting to travel

The mean time from onset of symptoms to isolation

of cases in the infected region is reduced from G to G1

by control measures. Then d, the proportion of

individuals attempting to travel who are infected, is

given by

d=
p(A+G1)

(A+G)
: (A 1)

Infected individuals not detected by border screening

If border screening is in place, a proportion of the

infected travellers will be detected and isolated. We

assume that individuals are not detected by border

screening during their incubation period, and are de-

tected with probability s, while symptomatic. If u(t) is

the probability that an individual infected at time 0

who travels at time t is not detected at the border, then

u(t)=
1 0ftfA
1xs A<tfA+G1

0 A+G1<t<A+G:

8<
:

To calculate r, the proportion of travellers who are

infected and undetected by border screening, we

integrate over the possible travel times:

r=p

Z A+G

0

u(t)dt

(A+G)
=p

[A+(1xs)G1]

(A+G)
: (A 2)
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Finally, provided the number of travellers, T, is fairly

large, and we expect r to be small, we can assume that

the number of infected individuals passing border

screening has a Poisson distribution with mean Tr.

The probability of at least one individual passing

border screening after T travellers is then 1xeTr.

Fraction of infected travellers detected by screening

Of the infected individuals attempting to travel, some

will be detected by border screening, while others will

be missed – either because of poor sensitivity of the

procedure, or because they are not yet displaying

symptoms. The proportion of infected travellers de-

tected by screening is

dxr

d
=

sG1

(A+G1)
: (A 3)

Probability of a major epidemic

We define a major epidemic as one that will not die

out without additional control measures or without

significant depletion of the number of susceptible in-

dividuals. The assumption of a constant infectious

period and negligible depletion of susceptible in-

dividuals implies that the number of people infected

by a case has a Poisson distribution, with mean R0

when there is minimal control and mean G2R0/G when

the time from onset of symptoms to isolation in the

(initially) uninfected region is G2. We set q to be the

minimum positive solution to r=exp[G2R0(rx1)/G].

For any local case in the (initially) uninfected region,

the probability that they will cause a major epidemic

is 1xq. The probability, m, that an arriving infected

traveller will cause a major epidemic is smaller, on

average, than 1xq because some infected travellers

will have a shorter infectious period remaining after

arrival. The adjustment is given by

m=1x
AqG3=G2

[A+(1xs)G1]

x
G2(1xs)qG3=G2(1xqxG1=G2)

[A+(1xs)G1] log q
:

(A 4)

The probability that there will be a major epidemic

after T travellers have passed from the infected to the

uninfected region is 1xeTrm.

Taking account of extra variation and superspreaders

We test the effect of extra variation in the repro-

duction number of individuals by considering an

alternative model under which the basic reproduction

number of an infected individual is Poisson with mean

RA with probability (1xe) and is Poisson with mean

RB with probability e. Under this model, the formula

form (see above) becomes

m=1x
Aq0

A+(1xs)G1
x

G2(1xs)

A+(1xs)G1

r
(1xe)q

G3=G2

A (1xq
xG1=G2

A )

log qA
+

eq
G3=G2

B (1xq
xG1=G2

B )

log qB

" #
,

where

qA= exp [RA(qx1)G2=G], qB= exp [RB(qx1)G2=G]

and

q0=(1xe)q
G3=G2

A +eq
G3=G2

B :

To model superspreaders, we select these par-

ameters so that the overall mean basic reproduction

number is 3 (as before), and the reproduction number

of non-superspreading individuals (RA) is 2.7 to agree

with estimates for Hong Kong [10]. We consider

two scenarios: one in which superspreaders occur

with probability 0.005 (1 in 200) and infect 150 in-

dividuals on average, and the second in which super-

spreaders occur with probability 0.01 (1 in 100), and

infect 32.7 individuals on average.

To model extra variation in the reproduction

number that might arise from variation in the time to

isolation of cases, we consider a model in which

e=0.5, RA=1.5 and RB=4.5, which ensures a mean

basic reproduction number of 3, with a standard de-

viation of 2.3.

Mean number of cases

When an epidemic generated by an undetected in-

fected traveller ‘ takes off’ and additional control

measures are not instituted, the total number of cases

is high, and the epidemic will only die out when the

numbers of susceptible individuals become sufficiently

low. In practice, control measures are likely to be

made increasingly stringent in the face of an uncon-

trolled epidemic, as in Singapore, where the mean

time from onset of symptoms until isolation dropped

from 9 days to under 2 days [7]. We used these data to

estimate parameters in an exponential decay model,

assuming that the time to isolation cannot be reduced

below 1.5 days. Delays in introducing control

measures were modelled as a period during which the

time to isolation is maintained at 9 days (see Fig. 3a

1100 K. Glass and N. G. Becker
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for a plot of this function). The mean cumulative

cases generated by arriving infected individuals were

calculated from repeated simulation of a stochastic

model with basic reproduction number and incu-

bation period as in the Table, and with the effective

infectious period defined as the time to isolation.

Probability of at least 100 cases over a 30-day period

When preparedness in an uninfected region is

improving, border screening may assist the control

effort by delaying the arrival of the first case. Using

the model of improving control outlined above, and

assuming 1000 individuals arrive from the infected

region each day, we calculated the probability that

there will be an outbreak of 100 or more cases over a

period of 30 days. This probability depends on the

sensitivity of border screening, and on the delays in

preparing control measures in the uninfected region.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge financial support

from the Australian NHMRC grants 224215 (K.G.)

and 148919 (N.G.B.), and the Australian Research

Council Grant DP055847 (K.G. and N.G.B.).

DECLARATION OF INTEREST

None.

REFERENCES

1. Bell DM and the World Health Organisation Working

Group on Prevention of International and Community

Transmission of SARS. Public health interventions and
SARS spread, 2003. Emerging Infectious Diseases 2004;
10 : 1900–1906.

2. Hong Kong Department of Health. SARS in Hong
Kong: from experience to action 2006 (http://

www.sars-expertcom.gov.hk/english/reports/reports/
reports_fullrpt.html). Accessed 19 January 2006.

3. Health Canada. Learning from SARS – renewal of
public health in Canada 2006 (http://www.phac-aspc.
gc.ca/publicat/sars-sras/naylor/index.html). Accessed

19 January 2006.
4. Wilder-Smith A, Goh KT, Paton NI. Experience of se-

vere acute respiratory syndrome in Singapore: import-
ation of cases, and defense strategies at the airport.

Journal of Travel Medicine 2004; 10 : 259–262.
5. Samaan G, et al. Border screening for SARS in

Australia : what has been learnt? Medical Journal of

Australia 2004; 180 : 220–223.
6. Petrosillo N, Puro V, Ippolito G. Border screening for

SARS. Medical Journal of Australia 2004; 180 : 597.

7. Tan CC. National response to SARS: Singapore.
World Health Organization presentation 2006 (http://
www.who.int/csr/sars/conference/june_2003/materials/

presentations/en/sarssingapore170603.pdf). Accessed
19 January 2006.

8. Donnelly CA, et al. Epidemiological determinants of
spread of causal agent of severe acute respiratory

syndrome in Hong Kong. Lancet 2003; 361 : 1761–1766,
and Lancet 2004; 364 : 140.

9. Lipsitch M, et al. Transmission dynamics and control

of Severe Acute Respiratory Syndrome. Science 2003;
300 : 1966–1970.

10. Riley S, et al. Transmission dynamics of the etiological

agent of SARS in Hong Kong: impact of public health
interventions. Science 2003; 300 : 1961–1966.

11. Becker NG, Glass K. Controlling emerging infectious

diseases like SARS. Mathematical Biosciences 2005;
193 : 205–221.

12. Lau JTF, et al. SARS preventive and risk behaviours of
Hong Kong air travellers. Epidemiology and Infection

2004; 132 : 727–736.
13. Weinstein RA. Planning for epidemics – the lessons of

SARS. New England Journal of Medicine 2004; 350 :

2332–2334.
14. Olsen SJ, et al. Transmission of the severe acute

respiratory syndrome on aircraft. New England Journal

of Medicine 2003; 349 : 2416–2422.
15. World Health Organization. Probable cases of SARS

by date of onset 2006 (http://www.who.int/csr/sars/
epicurve/en/epicurves2003_06_17.pdf). Accessed 19

January 2006.

Reducing international spread of SARS 1101

https://doi.org/10.1017/S0950268806005863 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268806005863

