Lam et al. Theoretical Biology and Medical Modelling 2011, 8:44
http://www.tbiomed.com/content/8/1/44 THEORETICAL BIOLOGY AND

MEDICAL MODELLING

RESEARCH Open Access

The feasibility of age-specific travel restrictions
during influenza pandemics

Elson HY Lam', Benjamin J Cowling', Alex R Cook®**, Jessica YT Wong', Max SY Lau' and Hiroshi Nishiura">"

* Correspondence: nishiura@hku.hk
'School of Public Health, The
University of Hong Kong, Level 6,
Core F, Cyberport 3, 100 Cyberport
Road, Pokfulam, Hong Kong,
People’s Republic of China

Full list of author information is
available at the end of the article

( BiolMed Central

Abstract

Background: Epidemiological studies have shown that imposing travel restrictions to
prevent or delay an influenza pandemic may not be feasible. To delay an epidemic
substantially, an extremely high proportion of trips (~99%) would have to be
restricted in a homogeneously mixing population. Influenza is, however, strongly
influenced by age-dependent transmission dynamics, and the effectiveness of age-
specific travel restrictions, such as the selective restriction of travel by children, has
yet to be examined.

Methods: A simple stochastic model was developed to describe the importation of
infectious cases into a population and to model local chains of transmission seeded
by imported cases. The probability of a local epidemic, and the time period until a
major epidemic takes off, were used as outcome measures, and travel restriction
policies in which children or adults were preferentially restricted were compared to
age-blind restriction policies using an age-dependent next generation matrix
parameterized for influenza H1N1-2009.

Results: Restricting children from travelling would yield greater reductions to the
short-term risk of the epidemic being established locally than other policy options
considered, and potentially could delay an epidemic for a few weeks. However, given
a scenario with a total of 500 imported cases over a period of a few months, a
substantial reduction in the probability of an epidemic in this time period is possible
only if the transmission potential were low and assortativity (i.e. the proportion of
contacts within-group) were unrealistically high. In all other scenarios considered,
age-structured travel restrictions would not prevent an epidemic and would not
delay the epidemic for longer than a few weeks.

Conclusions: Selectively restricting children from traveling overseas during a
pandemic may potentially delay its arrival for a few weeks, depending on the
characteristics of the pandemic strain, but could have less of an impact on the
economy compared to restricting adult travelers. However, as long as adults have at
least a moderate potential to trigger an epidemic, selectively restricting the higher
risk group (children) may not be a practical option to delay the arrival of an
epidemic substantially.
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Background

Long-distance international flights facilitate human movement, enhancing not only cross-
border travel but also the global spread of infectious diseases. The well-connected global
airline network allows multiple importations of infected individuals and rapid dissemina-
tion of an epidemic to a previously disease-free country [1], as was observed during the
influenza HIN1-2009 pandemic [2-4]. Border controls aim to identify and restrict move-
ment of infected and/or infectious individuals at the border, thereby lessening the
untraced importation of infection from a source country. One such border control mea-
sure is to impose restrictions on travel that radically cut traveler numbers, a potentially
effective option during the early stage of a pandemic. Perhaps because a large-scale restric-
tion policy presents political and economic difficulties to our highly connected global
society, long-lasting and large-scale mandatory restriction did not take place during the
HI1N1-2009 pandemic.

Prior to the HIN1-2009 pandemic, several studies assessed the effectiveness of travel
restrictions [5-10], but none was equivocal in supporting it to be used, for two major rea-
sons. First, if the epidemic is already established overseas, there will be a continuous
exportation of cases, which will eventually allow the epidemic to establish a foothold in
the country in question regardless of the presence of control efforts. As a result, travel
restrictions could only delay the arrival of the epidemic, perhaps for weeks or months [7].
Second, even though travel restrictions may effect a delay, several published studies agree
that the epidemic can only be delayed substantially if an implausibly high (~99%) propor-
tion of trips are prevented [8-10]. The public health effort that is required to restrict 99%
of travelers may not be too different from that of completely shutting down the border,
and such an extreme restriction may not be feasible due to its impact on world trade and
economic activity. In addition, the benefit, i.e. a brief delay before widespread community
transmission, might not warrant the costs of travel restrictions [11]. The revised Interna-
tional Health Regulations, issued by the World Health Organization in 2005, emphasizes
the need to avoid unnecessary interference with international traffic and trade [12]. The
combination of scientific evidence of poor effectiveness, the large prospective economic
impact, and international law have thus made policies that impose blanket travel restric-
tion policies unfeasible.

Epidemiological studies of the influenza HIN1-2009 pandemic have revealed that
transmission was highly heterogeneous and mainly maintained by school-age children
[13-17]. However, international travel is usually dominated by adults, and consequently
imported cases have also been dominated by adults [18]. In a previous study [19], a mul-
tivariate stochastic model was employed to examine the age-related impact of imported
cases on the establishment of a major epidemic, which suggested that the predominance
of adult travelers might delay the arrival of an epidemic with the same characteristics as
the 2009 pandemic. This combination of age-assortative mixing, more infection among
children, and greater volume of travel among adults raises the question: how effective
would selective age-specific travel restrictions, that target child travelers, be? Although
restricting adult international travel may be economically damaging, the impact of pre-
venting child travel, by cancelling school trips for instance, is likely to be less severe.
The purpose of the present study is to examine the potential effectiveness of age-specific
selective travel restriction against an influenza pandemic with similar characteristics to
that of the 2009 pandemic, using a parsimonious statistical model.



Lam et al. Theoretical Biology and Medical Modelling 2011, 8:44 Page 3 of 14
http://www.tbiomed.com/content/8/1/44

Methods

Theoretical basis and hypothetical settings

Empirical observations of the HIN1-2009 pandemic support the hypothesis that age-
specific travel restrictions could be effective. Table 1 lists countries that reported initial
imported cases in children. Although it is known that adults were predominant among
imported cases, children were also among the first identified imported cases in many
countries. Table 2 shows countries in which initial or almost initial local cases were
observed among children (e.g. school outbreaks). Undetected imported infections in
children may have fueled some of the initial school outbreaks, and again the restriction
of child movement may have the potential to prevent those clusters. These observations
justify our motivation to investigate the effectiveness of child movement restrictions in
reducing the risk of an epidemic and delaying an epidemic.

Employing a simple statistical model, we assess the effectiveness of travel reduction
during the first 50 days of a pandemic, roughly corresponding to the time period in
which enhanced surveillance was conducted in 2009 (e.g. in Japan [14,20]). We consider
a case study modeled on the HIN1-2009 pandemic in Hong Kong, a special administra-
tive region of the People’s Republic of China, during the early epidemic period. From 1
May to 19 July 2009, there were 113 confirmed imported cases in Hong Kong [19] with
a daily average of 2 cases. Assuming that approximately 30% of infected travelers were
identified [21], and ignoring the initial linear increase in the rate of growth number of
new imported cases for the first 50 days coupled with a sampling of infected travelers

Table 1 Countries initially reporting child imported cases during influenza pandemic
(H1N1-2009)

Country Report Descriptions
month
Australia [36] May 2009  The first confirmed Victorian case was reported in a child returning from
USA
Argentina [37] March First case detected in Chile’s Quake-hit area was a 5-year old child
2010
Brazil [38] May 2009  The first four imported cases were found in young adults who had travelled
to Mexico and the USA
China [39] May 2009  The first imported case was a student returning from Canada. The second
and third imported cases were notified in students coming from USA
Ecuador [40] May 2009  First case of HIN1-2009 was a student aged 13 returning from the USA
France [41] May 2009  Second imported case was a student aged 17 from Mexico
[taly [42] May 2009 A 11-year-old male child and a 33-month-old infant were confirmed to be
the first and third cases of HIN1-2009 in Rome
Japan [43] May 2009  Three teenage students and a teacher were confirmed to be the first four

imported HIN1-2009 cases after returning from a school trip in Canada

New Zealand [44] April 2009  The first imported cases in New Zealand arrived in a group of students
returning from a visit to Mexico

Portugal [45] June 2009 Third imported case was a 8-year-old child returning from Toronto

Singapore [46] June 2009 Eighth case is a 15-year-old Singaporean male who travelled from India to
Orlando and Atlanta

Spain [47] July 2009 13 cases of influenza evacuated from a camp in La Vera. Of the 13 cases, 11
were children

Thailand [48] May 2009  First imported case was a 17-year-old Thai female student returning from
Mexico

United Kingdom April 2009  First confirmed case, a pupil at a school in England, was imported

[49]

United States of April 2009  First two cases were identified in two children in California

America [50]
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Table 2 Countries with early child clusters of cases (or school outbreaks) during the
influenza pandemic (H1N1-2009)

Country Report Descriptions
month
Australia [51] February  The return of children to school in the North American autumn 2009 was
2010 associated with a substantial increase in the number of cases of pandemic
HINT 2009 influenza
Australia [52] May 2009 55% of HIN1-2009 cases in Australia and 63% of cases in Victoria to date

have been school aged children (5 - 17 years)
Argentina [53] May 2009  First imported case seeded an elementary school outbreak in Buenos Aires,
and, within days, several schools reported increasing numbers of cases

Cyprus [54] June 2009  The disease spread quickly, initially among younger people who visited
tourist resorts and entertainment clubs or school-aged children who stayed
at camping places or summer schools

France [55] July 2009 The first time in France, a confirmed outbreak without history of travel
occurred in a secondary school in Toulouse district
Germany [56] June 2009  About two thirds of indigenous cases were associated with two large
school-associated outbreaks
[taly [42] December  First cluster of in-country transmission involved a 33-month-old and a 11-
2009 year-old child
Japan [57] May 2009  Most of new cases were seen in high school students in western Japan
Macau [58] July 2009 Three locally-infected cases were all local primary school students
Malaysia [59] July 2009 The first case was a student returning from the US followed by multiple
clusters in schools, which all involved cases returning from abroad with the
infection.
Thailand [48] October The number of reported cases was most prevalent in primary school
2009 students aged 6-12 years, followed by secondary school students aged 13-
18 years
United Kingdom August First confirmed case, a pupil at a school in England, was imported. During
[49] 2009 the following two weeks, 16 further cases were confirmed with
epidemiological links to the first imported case.
United States of October In May 2009, one of the earliest outbreaks of 2009 pandemic influenza A
America [60] 2009 virus (pH1N1) infection resulted in the closure of a semi-rural Pennsylvania

elementary school

from local cases, we expect a daily average of 10 imported cases. Since we consider a 50
day time horizon, this extrapolates to 500 imported cases in this hypothetical scenario.
Given that more than 60% of confirmed cases were adults [18], we assume that children
and adults comprise of 30% and 70% of the total of imported cases, respectively. In other
words, everyday there are . = 3 child cases and n, = 7 adult cases imported, and over 50
days, there would be N, = 150 child and N, = 350 adult imported cases. It should be
noted that the proportion of children among all international travelers is about 10% (e.g.
those aged below 20 accounted for 10.4% of all legal immigrations in Japan, 2010 [22]),
that is, less than the proportion of imported child cases. This indicates that, under our
hypothetical scenario with stationary importation, the risk of influenza among child tra-
velers is approximately fourfold that of adult travelers (i.e. (0.3/0.1)x(0.9/0.7) = 3.86),
and also that restricting child travel is 4 times more likely to prevent an entry of influ-
enza case than restricting adult travel. Connecting flights from Mexico City to Hong
Kong take longer than 27 hours, and considering additional times from home/hotel to
airport, we assume that a time lag of = 2 days from infection until the case starts influ-
encing local transmission in Hong Kong.

Modelling methods
We use two outcome measures to quantify the effectiveness of selective travel restric-
tions. The first is the probability of an epidemic, defined as the probability of observing
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a major epidemic, that is, an epidemic not going extinct by chance [23]. The second
uses the time required for a major epidemic to take place, conditional on non-extinc-
tion in the short term, to quantify the delay effect, i.e., the difference in the timing of
epidemic overshoot between scenarios in the presence and absence of selective travel
restrictions.

To model age-dependent transmission dynamics, we employ the two-by-two next
generation matrix K which describes within- and between-group transmissions in a
population that consists of children and adults. Throughout this article, we label chil-
dren as type c and adults as type a. Let R;; denote the average number of secondary
cases in hosts of type i generated by a single infected individual of host type j. We
assume the offspring distribution to be Poisson, and adopt a previously studied para-
metric form ([13,19]), i.e.

(1 —0)iBiqi  forij,

Rjj .
Oaifj+ (1 — O)eifiqi  fori=j,

ey

where g; is the relative size of the subpopulation i (i.e., g.+g. = 1), a; and B; represent
age-specific susceptibility and infectiousness of hosts of type i and j respectively, while 0
is an assortativity coefficient representing the proportion of contacts reserved for
within-group mixing (and (1-0) represents the proportion of contacts subject to random
or proportionate mixing). As the baseline setting, parameters are fixed at g, = 0.32, a.. =
2.06, 0.,=B =P, = 1, and 0 = 0.50 [13]. The dominant eigenvalue of K gives the reproduc-
tion number R. Given that empirical estimates of R for HIN1-2009 ranged from 1.2 to
2.3 by limiting the choice of mean generation time [24], we examine three different
values of the reproduction number, 1.2, 1.6 and 2.0 to account for relevant uncertainty
in the transmission potential of a pandemic. For each R, we rescale the next generation
matrix by

R

" p(K) . @

where p(.) denotes the dominant eigenvalue. We use the rescaled M for all
calculations.

The risk of an outbreak under targeted travel restrictions

We follow a previous study [19], adopting linear approximation of the growth of cases
during the early phase of an epidemic. That is, we calculate the probabilities 1. and 1,
of extinction given a single infected child or adult, respectively, by iteratively solving
the following equations:

1
T, = ,
© 1+4Re(1 —7) + Rae(1 — 1) @
1
Ty

" 1+Ru(1 — 7)) +Raa(1 — 1)

The solution rests on a homogeneous birth-and-death process, and its derivation can
be found elsewhere [25]. We explicitly account for the delay in infection-age among
imported cases [3], that is, that imported cases must have been infected prior to arrival
in Hong Kong. A slight delay, even of a fraction of a day, is not negligible in the
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natural history of an acute illness such as influenza [26]. For simplicity, we assume that
there was a constant delay of J = 2 days between infection and arrival for all imported
cases. Let k. and k, be the number of imported infections among children and adults,
respectively, in Hong Kong that are capable of causing on secondary transmission. To
facilitate the calculation of the probability of extinction above, we assume that the gen-
eration time of influenza is exponentially distributed with mean 1/y = 3 days [19].
Given N, and N, child and adult imported cases, the probability that m. and m, local
index cases will result is

Na. Ne
Pr(m; = s) =ZZ(

ka=0 k=0

N, ~
" ) exp (—yked) [1 — exp (—y8)]" "

C

N, _
X (k ) exp (—yka8) [1 — exp (—J/(S)]N“ o (4)

x (ke exp (—y8) Rjc + ka exp (—y8) Ria)’

P (—kcexp (—y8) Ric — kq exp (—y8) Rja)
s!

for j= ¢ or a [9]. The first two binomial terms account for the probability that child
and adult imported cases arrive in Hong Kong while still infectious, while the last,
Poisson, term describes the probability that those infectious imported cases generate
m, (or m,) local index cases. As a result, the probability of an epidemic is

Pr(epidemic) = 1 — Z Pr(m, = s;)m* Z Pr(m, = s,)me. (5)

5.=0 $,=0

By varying the total number of child and adult travelers N, and N, as part of a simu-
lated travel restriction policy, we examined the effectiveness of travel restriction in
reducing the epidemic risk.

Time taken for a local epidemic to occur under targeted travel restrictions

Replacing the total numbers of child and adult imported cases for the first 50 days (i.e.
N, and N,) in (4) by the daily numbers of child and adult imported cases (i.e. n. and
n, where n.+n, = 10), we obtain the daily probability (p) that an epidemic is initiated
by infection of a local index case on the specified day. The probability of initiation on
day D is described by the geometric sequence [27]:

Pr(D =d) = (1 —p)*'p. (6)

Therefore, the cumulative distribution function of (6) is given by 1-(1-p)d. We calcu-
lated the dates at which the cumulative probability first exceeds 50% and 95%, that is,
the “average” and “latest plausible” times of local epidemic. The delay in epidemic is
derived from the difference in the corresponding dates between the baseline scenario
(i.e. without travel restriction) and a scenario in which a fraction of the imported cases
were restricted from traveling.

We assess the effectiveness of three different travel restriction policies in four scenar-
ios. In scenarios (i) and (ii), travel restrictions are non-targeted and apply to a fraction
of all adults and children, while in scenarios (iii) children or (iv) adults are
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preferentially restricted from travel. In scenario (i) mixing is assumed to be homoge-
neous, while in the other scenarios it is heterogeneous, with age assortativity. For selec-
tive restrictions (scenarios iii and iv), once the proportion of all travelers that fall into
the restricted age group is passed, at 10% for children and 90% for adults, the other
age group begins to be targeted.

Sensitivity analysis

Our results incorporate assortative mixing via the parameter 0, which reflects the pro-
portion of contacts within-group (e.g. child-to-child contacts among the total of contacts
made by a single child). If transmission is fully assortative, 6 = 1, meaning children con-
tact only children, and adults, only adults. If 6 = 0, it implies random or proportionate
mixing. We examined the sensitivity of the effectiveness of selective travel restrictions to
the assortativity coefficient. While we adopt a published estimate 6= 0.50 at the baseline,
we also examined the effectiveness of child-first restriction at 6 = 0.10 and 0.90, i.e. plau-
sible but extreme values [13,19]. It should be noted that even our baseline value 6= 0.50
may be regarded as implausibly high, considering the results of social contact survey
based on an arbitrary, socially defined “contact” (e.g. [28]), but we adopted 0.50 because
this is only the estimate derived from actual epidemic data [13].

Results

The probability of an epidemic is shown in Figure 1 as a function of the number of
imported cases (ranging from 0 to 100) and the reproduction number with and without
accounting for the delay in infection-age among imported cases. In the absence of inter-
ventions, the probability of epidemic is greater in homogeneously mixing population (A)
than in heterogeneously mixing population (B), but the difference is small and not fully
distinguishable unless R is small. Accounting for the delay between infection and arrival at
the border, the probability of an epidemic increases with the number of imported cases
more slowly than when not accounting for infection-age. However, in both Figures 1A
and 1B, the probability is in general abruptly elevated with increasing number of imported
cases, which echoes the findings in past studies emphasizing that epidemic prevention is
unrealistic unless international travel is almost fully restricted [10].

0 20 40 60 80
Number of imported cases

mixing population.
A

100

1.0 S
A g Bio ———==
2 0.8 - Homogeneous 2 ] - -
5 g 5 081 Heterogeneous
.-g :E .
%06 % 06 -
Y= . o
; R (delay in model) o : R (delay in model)
£04 Zo4 | -
3 1206 —12() 3 / 12 —12(#)
° 02 —16() —1.6(#) € 02 —16() —1.6(+)
& S-20() —-2.0(#) o =20() =+ 20(+)
0.0 T T T T T T OO 1 T T T T T T T T T

0 20 40 60 80 100

Number of imported cases

Figure 1 The probability of epidemic with and without accounting for delay in infection-age
among imported cases. A. The probability of epidemic is calculated as a function of the number of
imported cases and the reproduction number (R) for a homogeneously mixing population with (+) or
without (-) consideration of delay in infection-age among imported cases. B. The case of heterogeneously
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Given a scenario with a total number of 500 infectious imported cases, Figure 2
compares the effectiveness of different travel restriction policies with different levels of
restriction. In all panels A-D, no visible effect is seen as long as movement of 60% or
less travelers is restricted. When considering selective travel restrictions in Figures 2C
and 2D, both children and adults are exhausted before observing a visible decline in
the probability of epidemic. However, slightly fewer restrictions are required under a
child-first restriction policy to observe a reduction in the probability of an epidemic.

Based on a scenario with 10 imported cases per day for 50 days, Figure 3 shows the days
at which the probability of an epidemic first exceeds pre-specified thresholds (50% or 95%)
under different travel restriction policies and as a function of travel volume reduction. Over-
all, the longest delay (i.e. days at specified travel restriction minus days at O percent restric-
tion) is gained by a child-first restriction policy, indicating the importance of accounting for
chronological age in considering travel restriction policies. However, even at its most effec-
tive, the delay obtained by restricting all children from traveling is shorter than 10 days.

Figure 4 shows the sensitivity of the probability of epidemic and time delaying effect
of child-first travel restrictions to the choice of the assortativity coefficient. Since child
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€ M E (Random restriction)
g 2
& 06 5 o6
(=) [=]
3 R (Reproduction number) S
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T °
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a ]
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= k|
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Figure 2 Relative risk of epidemic by selective and non-selective travel restrictions. Relative risk of
epidemic is shown as a function of the percentage reduction of travelers. In the absence of travel
reduction, it is assumed that a total of 500 imported cases arrive in a virgin soil country. Three different
reproduction numbers, 1.2 (dotted line), 1.6 (solid line) and 2.0 (dashed line) are considered. A. Non-
selective travel restriction in a homogeneously mixing population. B. Non-selective travel restriction in a
heterogeneously mixing population. C. Child-first restriction in heterogeneously mixing population. D.
Adult-first restriction in heterogeneously mixing population. In C at 10% reduction of travel (specified with
arrow), all travels involving children are restricted and the host to restrict travel is switched to adults.
Similarly, adult travelers are exhausted at 90% reduction of travel in D.
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Figure 3 Delay effect of travel restriction by selective and non-selective travel restrictions. The first
day at which the probability of epidemic reaches 50% or 95% is examined as a function of the percentage
reduction of travelers. In the absence of travel reduction, it is assumed that a total of 10 imported cases
arrive every day and the importation continues for 50 days (with a total of 500 imported cases). The
number of days with travel restriction minus that without restriction gives the delay in epidemic gained by
the travel restriction policy. Three different reproduction numbers, 1.2 (solid line), 1.6 (dotted line) and 2.0
(dashed line) are considered. Scenarios A-D are the same as those in Figure 2 (A. homogeneously mixing
population; B. random restriction in heterogeneously mixing population; C. child-first restriction and D.
adultfirst restriction in heterogeneously mixing population).

travelers are assumed to account for 10% of the total of travelers, selective restriction
of child travelers of 100% corresponds to 10% restriction of the total travels. At R =
1.6 (and 2.0), there was no visible decline in the probability of an epidemic (A) and the
delay until a near certain epidemic (probability>95%) with a full child restriction policy
and very high assortativity (0 = 0.90) was shorter than 15 days (C). In a less contagious
scenario (R = 1.2), only a small decline in the probability of an epidemic was observed
with strong assortativity and full child restriction (B). For the range of R and 0 exam-
ined, notable delays in median and 95 percentile points for approximately 19 days and
35 days were observed only with a specific combination of parameters, i.e., R = 1.2 and
0 = 0.90 (D). Neither a decline in the probability nor a delay to the start of the epi-
demic was visible with other parameter settings with smaller 6.

Discussion

The present study examined the effectiveness of selective travel restriction on a hetero-
geneously mixing population, focusing on full travel restriction among children. The
analysis was motivated by two realistic public health issues: (i) children acted as the
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Figure 4 Sensitivity of the probability of epidemic and days taken to observe epidemic to
assortativity coefficient during child-first travel restriction. Child-first travel restriction is implemented
with a total of 500 imported cases (where there are 10 imported cases per day for 50 days). A. Relative risk
of epidemic with the reproduction number 1.6 is examined as a function of travel restriction volume. We
examine three assortativity coefficient (0.10, 0.50 and 0.90), but the epidemic risk remains consistently 1. B.
Relative risk of epidemic with the reproduction number 1.2. Only when the assortativity coefficient (theta =
0.90), a small reduction in the probability of epidemic is observed. C. The first day at which the probability
of epidemic reaches 50% or 95% with the reproduction number 1.6. The day with 50% in the case of
assortativity coefficient 0.5 is not distinguishable from horizontal axis. D. The first day at which the
probability of epidemic reaches 50% or 95% with the reproduction number 1.2.

host maintaining transmission of influenza HIN1-2009 pandemic while adults were
relatively less important in transmission [29-32] and (ii) the restriction of all interna-
tional travel is economically damaging, but restricting child travel (e.g. by cancelling
school trips) may be more politically feasible and less damaging to the global and local
economies. As was expected, preferentially restricting child travels would be more
effective than ignoring age or restricting adults. However, our analysis suggests that
such a policy would have marginal public health benefits, only slightly reducing the
risk of the outbreak in the short term or delaying the outbreak by a few weeks at best.
With all but low transmission potential and low degrees of assortativity, selective travel
restrictions offer neither a real reduction in the probability of epidemic nor a substan-
tial delay until it takes off.

The effectiveness of selective travel restrictions has not heretofore attracted scientific
attention prior to the HIN1-2009 pandemic, although frequent flyers and their role in
facilitating international spread have been closely examined [6]. Many published stu-

dies mainly focused on detailed spatial dynamics of transmission in relation to travel
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restrictions, finding for instance that more than 99% of infected travelers have to
refrain from traveling to yield substantial preventive effects [7,9,10]. Given the role of
children in propagating HIN1-2009 [13-15] (summarized in Table 2) and considering
the potential to put child-only restrictions into practice, we considered age as an
important component to determine the effectiveness of travel restrictions and focused
on capturing the role of age-dependency on the mechanism of invasion. Our results
indicated that while the effectiveness would be marginally sensitive to assortativity, it
would not be substantially effective even with high assortivity.

We make several assumptions in this paper and highlight the most important ones.
First, we capture the heterogeneities of transmission networks by stratifying over age
but not space. As a result, our findings are conservative in the sense that the actual
effectiveness of age-structured restrictions may well be slightly greater than those pre-
sented here. However, as long as adults can also contribute to generating local child
secondary cases, it is natural that adult travel will eventually lead to an epidemic and
substantial involvement of adults in transmission would not delay the outbreak
substantially.

Second, since our study rests on a simple statistical model, it has a number of further
limitations. We describe the generation time distribution via a one-parameter family
and it is possible that allowing a second parameter, in making the distribution more
realistic, may potentially elevate the probability of extinction [23,33]. Furthermore, it
should be remembered that the success of travel restriction depends on travel volume,
and this can substantially vary across the world. We examined a plausible number of
10 imported cases per day for the first 50 days through a single port of entry, the sce-
nario most likely to allow effective border closures, but countries with much fewer
importations can potentially expect some naturally-occurring delay (e.g. small island
nations in Melanesia). Moreover, big countries with multiple ports of entry (e.g. USA
and Australia), countries with unmonitored land borders (e.g. those within the Schen-
gen area) and shorter distance of school trip among school-age children as compared
to intercontinental travel by adults could prevent the implementation of such a strat-
egy even if it were effective in territories such as Hong Kong. To improve our under-
standing of this subject further, it might be valuable to account for more detailed
heterogeneity (e.g. household and community) and other outcome measurements (e.g.
timing and height of epidemic peak), as well as the additional effect of entry screening
policies on top of travel restrictions [34], which would help further our understanding
of the effectiveness of travel restrictions in realistic settings. Moreover, we should be
able to estimate and compare the cost of available policy options. To help relevant pol-
icy decisions in the future, we would need more objective epidemiological criteria con-
cerning the severity of disease or an imminent public health risk by elaborating
epidemiological details of descriptions given in International Health Regulations
[12,35]. The decision may also depend on other available options of control (e.g. if it
were realistic to contain an outbreak at local levels, we would not need travel
restrictions).

Despite the presence of various realistic features to be explored, the present study
has demonstrated that a key policy question can be answered at least qualitatively
using a simple statistical model. In conclusion, selective travel restriction of child trave-

lers would have minimal impact on the risk and timeline of an outbreak, even in
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scenarios most favorable to this strategy. Our findings add to the growing body of evi-
dence that travel restrictions are not viable public health solutions in the face of an
emergent influenza pandemic.
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