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Abstract

Background: Although border quarantine is included in many influenza pandemic plans, detailed
guidelines have yet to be formulated, including considerations for the optimal quarantine length.
Motivated by the situation of small island nations, which will probably experience the introduction
of pandemic influenza via just one airport, we examined the potential effectiveness of quarantine as
a border control measure.

Methods: Analysing the detailed epidemiologic characteristics of influenza, the effectiveness of
quarantine at the borders of islands was modelled as the relative reduction of the risk of releasing
infectious individuals into the community, explicitly accounting for the presence of asymptomatic
infected individuals. The potential benefit of adding the use. of rapid diagnostic testing to the
quarantine process was also considered. :

Results: We predict that 95% and 99% effectiveness in preventing the release of infectious
individuals into the community could be achieved with quarantine periods of longer than 4.7 and
8.6 days, respectively. If rapid diagnostic testing is combined with quarantine, the lengths of
quarantine to achieve 95% and 99% effectiveness could be.shortened to 2.6 and 5.7 days,
respectively. Sensitivity analysis revealed that quarantine alone for 8.7 days or quarantine for 5.7
days combined with using rapid diagnostic testing could prevent secondary transmissions caused by
the released infectious individuals for a plausible range of prevalence at the source country (up to
10%) and for a modest number of incoming travellers (up to 8000 individuals).

Conclusion: Quarantine at the borders of island nations could contribute substantially to
preventing the arrival of pandemic influenza (or at least delaying the arrival date). For small island
nations we recommend consideration of quarantine alone for 9 days or quarantine for 6 days
combined with using rapid diagnostic testing (if available).

Background mania and New Caledonia [1]. Quarantine measures dus-
" Strict maritime quarantine (with facility quarantine on  ing this pandemic also worked successfuily in Yerba
land in some cases), appeared to- effectively prevent the = Buena, an island off San Francisco [2], and within parts of
entry of the 1918-19 influenza pandemic into American  Iceland [3]. More generally, a systematic review has
Samoa and delayed its entry into mainland Australia, Tas-  reported evidence that interventions that included quar-
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antine (2 studies) and isolation (10 studies) were effective
in containing respiratory virus epidemics [4]. An earlier
review had suggested a limited use for quarantine but had
focused on quarantine attempts in countries with porous
land borders [5].

Since it appears that quarantine was successful in island
settings from 1918-19, some Pacific island nations have
included the option of border quarantine in their current
influenza pandemic plans [6]. Theoretically, since small
island nations will most likely experience introduction of
pandemic influenza at just one airport or seaport alone,
the use of border control would be one of the most impor-
tant options to protect their communities from the pan-
demic. As an example, New Zealand consists of multiple
islands and has a pandemic plan that includes significant
detail about border control and quarantine [6,7]. In addi-
tion, border quarantine is also included in the pandemic
plans of some European countries [8]. :

However, detailed guidelines for effective use of quaran-
tine have yet to be formulated. One of the key questions
among infectious disease specialists and public health
practitioners is how to optimise the duration of quaran-
tine to achieve a desired level of effectiveness. Presently,
there is no universal proposal for quarantine period fol-
lowing exposure to pandemic influenza cases. Although
the etymological root of quarantine originates from 13th
century public health practices requiring incoming ships
to remain in port for 40 days [9], quarantine in the present
day refers to compulsory physical separation for a defined
period, including restriction of movement, of healthy
individuals who have been potentially exposed to an
infectious disease [10]. Since the restriction of movement
often involves legal and ethical constraints, because it lim-
its the freedom of quarantined individuals [11], the opti-
mal length of quarantine needs to be clarified using
scientifically sound approaches. . '

To suggest the optimal length of quarantine for pandemic
influenza, we need to consider the detailed epidemiologic
characteristics of this disease including the presence of
asymptomatic infection {12]. The present study aimed to
assess the potential effectiveness of quarantine, suggest an
optimal length, and examine its potential performance for
small island nations.

Methods

Hypothetical setting . ’ »

To darify the optimal length of quarantine, we first con-
sider a hypothetical setting where infected travellers are
flying from a nation with an epidemic (somewhere in
Asia, given the data on the origin of seasonal influenza
[13]) to a disease-free small island nation (e.g., New Zea-
. land or smaller South Pacific and Caribbean islands). Spe-
cifically, we consider a situation when the disease-free
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country is fortunate enough to be informed about the pos-
sible emergence of the influenza pandemic at the source,
sufficiently in advance of its arrival to implement border.
control measures. Given that the possible emergence is
still uncertain and very recent news, we assume that the
disease-free island nation is not ready or willing to com- -
pletely shut down all its airports, but that quarantine is
immediately instituted at the border. Before closing all the
airports we assume that the island nation still permits the
arrival of 20 aircraft with a total of 8000 incoming indi-
viduals (i.e., each with 400 individuals including airline
staff on board) who were potentially exposed to influenza
at the source country or on the aircraft. For this popula-
tion of travellers we explore the question - how long
should we place them in quarantine?

We assurne that all incoming individuals are placed into
routine quarantine on arrival in the island nation and are
monitored for onset of symptoms during the quarantine
period. We also assume that all infected individuals who
develop influenza symptoms are successfully detected

" (e.g., through self-report questionnaires, reporting by

ground staff, specific interview assessment by trained
health personnel and/or thermal scanning). The impact of
imperfect detection on the effectiveness of quarantine is
examined in the Appendix. Optimistically, symptomatic
cases are assumed to be immediately isolated in a desig-
nated facility at symptom onset, and assumed not to result

-in any secondary transmissions {14}]. Similarly, those who

developed symptoms en-route are also assumed to be suc-
cessfully isolated upon arrival (and we ignore these indi-
viduals in the following analyses as the detection is owing
to the entry screening). We assume that quarantine secu-
rity would be fully effective and that no secondary trans-

* mission would occur in the quarantine facility. Successful

detection during quarantine relies largely on onset of
influenza-like symptoms, but, as a possible option, we
also consider adding rapid diagnostic testing to improve
the sensitivity of case detection.

Epidemiologic characteristics of influenza

To theoretically and quantitatively examine the effective-
ness of quarantine, we use several parameters describing
the epidemiologic characteristics of seasonal influenza -
which we then use for considering pandemic influenza.
The most important of these characteristics is the cumula-
tive distribution of the incubation period (i.e., the time
from infection to onset) of length ¢, F(t). The incubation
period has been very useful in suggesting the optimal
length of quarantine for many diseases [15], because arbi-
trarily taking the 95th or 99th percentile point as the quar-
antine period could ensure the absence of symptomatic
infection with' probability of 95% or 99% {12,16-21].
However, it is- difficult to directly apply this concept to
influenza [12], because the conditional probability, a, of
developing symptomatic disease {given infection) has
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been suggested to be 66.7% [22,23], and detection
through quarantine is not relevant for asymptomatic
infected individuals who account for the remaining
33.3%. Thus, we consider the effectiveness of quarantine
as the reduction of the risk of introducing "infectious"
individuals into the community and, thus, additionally
use the cumulative distribution of the generation time
(i.e., the time from infection of a primary case to infection
of a secondary case by the primary case) of length ¢, G(t).
Further, to simulate the key ripple benefit of quarantine
(the predicted number of secondary transmissions caused

by released infectious individuals), we assume that the

- reproduction numbers of symptomatic (R,) and asympto-
matic cases (R,), i.e., the average numbers of secondary
transmissions caused by a single symptomatic case and an
‘asymptomatic case are 2.0 and 1.0, respectively: The basic

reproduction number, R, is therefore aR+(1-@)R, = 1.67°

which corresponds to an estimate in a previous study [24).
Moreover, the estimate is also within the estimated range
of community transmission in another study which
explored various historical data [25].

Distribution of the incubation period, - which was
assumed to follow a gamma distribution, was extracted
from a published dataset [26]. Since the original data
showed daily frequency of onset only, we fitted the cumu-
lative distribution of the incubation period to the
observed data, minimising the sum of squared errors. We
did not identify more detailed data and note that the
obtained frequency did not deviate much from outbreak
data on an aircraft [27,28], a historical study of Spanish
influenza [15,29], and from data in a published meta-
analysis [22]. Similarly, the generation time was retrieved

from a previous study of volunteers infected with influ- .

enza [22], which assumed that infectiousness is propor-
tional to viral shedding, and we obtained the parameter
estimates by minimising the sum of squared errors. A log-
normal distribution was employed to model the genera-
tion time. Strictly speaking, the viral shedding curve alone
does not inform the generation time, but our-outcome
measure (i.e., the probability of releasing infectious indi-
viduals) is reasonably analysed using virological data (as
we are dealing with infectiousness), assuming that the fre-
quency of contact is independent of time since infection.
Furthermore, we favoured the use of this dataset as it
would give a more conservative result since the right-tail
is fatter than those assumed previously [30,31].

Effectiveness of quarantine
Although secondary transmission on aircraft is probably

" relatively rare due to the functioning of ventilation sys- .

tems [32,33}, a previous transmission event has been
reported in this setting [27]. Therefore, we use arrival time
as the latest time of possible infection (i.e., t = 0). In other
words, we conservatively argue the quarantine period as if
all infected incoming individuals experienced this infec-
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tion upon arrival. In reality, earlier acquisition of infec-
tion would increase the probability of non-infection after
quarantine and therefore increase the effectiveness of
quarantine. Although our worst case scenario potentially
overestimates the optimal length of quarantine, a more
realistic scenario requires the exact time of infection for all
incoming infected individuals, which is in principle
impractical (see Appendix for more detailed insights into
this issue).

" We considered the effectiveness of quarantine, £(t), as a

relative reduction of the risk of introducing infected indi-
viduals into the community as a function of time since
infection t, i.e.,

1@ |
e =1- 71 (1)

where r,(t) and r,(t) are the risks of releasing infected indi-

" viduals into a new community in the presence and

absence of the quarantine measure, respectively. Since all
infected individuals enter the community without quar-
antine, we assume r,(t) = 1 for any t. If the risk in the pres-
ence of quarantine, r,(t), is regarded as the risk of
releasing "symptomatic infected” individuals (regardless
of infectiousness) after quarantine of length ¢, r,(t) is
given by 1-F(t). Therefore, only the incubation period
determines the effectiveness, i.e., £(t) = F(t), which has
been the fundamental concept in previous studies [12,15-
21]. However, we further consider the infectiousness for"
influenza, emphasising the importance of asymptomatic
infection, because the proportion 100x(1-a) is as large as
33.3%. We thus regard the risk r,(t) as the probability of
releasing "infectious" individuals into the community
after quarantine of t days.

- To comprehensively discuss this issue we decompose r,(t)

into the sum of symptomatic and asymptomatic individ-
uals (denoted by r4(t) and r,(t), respectively). For those -
who will eventually develop symptoms, the probability of
release, r(t), is : ‘

ms(t) = a(1 - F(9)(1 - G(1)) )

where F(t) and G(t} are, respectively, the cumulative dis-
tributions of the incubation period and generation time.
Because of the absence of adequate data, we assume inde-
pendence between the incubation period and generation
time, which most likely yields conservative estimates of
the effectiveness (compared to that explicitly addressing
dependence between these two distributions). For those
who remained asymptomatic throughout the entire

_course of infection, the probability r,(t) is

r1q() = (1-2)(1-G(t)) 3
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because the incubation period is not relevant to the detec-
tion of asymptomatic infected individuals. Due to the
~ absence of data, it should be noted that we assume that
the length of generation time among asymptomatic indi-
viduals is identical to that among symptomatic cases, an
assumption that has been used by others [24,25]. As the
assumption adds an uncertainty to the model prediction,
we examine the potential impact of differing generation
times between symptomatic and asymptomatic infected
individuals (see Appendix). Consequently, the effective-
ness of quarantine, £(t), is given by subtracting r,(t) and
r1.(t) from 1:i.e,,

, §(t),= 1-[e(1 - F(5)(1-G(1) + (1 - (1 - G(9))]
4 .

We further investigate the additional benefit of testing for’

the pandemic influenza virus using rapid diagnostic test-
ing during quarantine. A key assumption made is that the
currently available diagnostic tests would perform as well
. with the new pandemic strain of virus (and be supplied to
the islands in time). We assume that the sensitivity (S,)
and specificity (S;) of the rapid diagnostic test are 69.0%
and 99.0%, respectively [34]. Since our effectiveness
. measure is conditioned on infected individuals, the risk of
releasing infectious individuals in the presence of quaran-
tine with use of rapid diagnostic testing is obtained by
multiplying a factor (1-S,) to r;(t) which represents a pro-
portion of cases that are missed even following rapid diag-
nostic testing. Thus, we get the effectiveness g,(t) as

e()=1- (15 [a(1 - E(®) (1-C(0) + (1 - @) (1 - G))]
5) |

Due to the absence of more detailed data, we assume that

both the sensitivity and specificity of the rapid diagnostic
test are independent of time since infection. Considering
that the sensitivity may well decline in later stages of illness
(by implicitly assuming that the diagnostic test is correlated
with viral load), it should be noted that the results associ-
ated with equation (5) are probably most valid only for
those in the early stage of illness (which is consistent with
our particular interest in quarantine period). We stress that
the estimated effectiveness g4(t) for a long quarantine
_period (e.g., longer than 8 days) should be treated cau-
tiously. Since the sensitivity S, of asymptomatic infected
individuals may be smaller than that among symptomatic
cases (due to lower virus shedding titres among asympto-
matic individuals), we examine the effectiveness of quaran-
tine with differing S, between symptomatic and
asymptomatic infected individuals (see Appendix).

Sensitivity bnafysis and preventive performance

We also examined the sensitivity of our effectiveness meas-
ures (4) and (5) to different lengths of quarantine and prev-
alence levels at the source by means of simulations. First,
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the sensitivity was-assessed using the number of released
infectious individuals after quarantine of length t. We
examined plausible prevalence levels of 1%, 5% and 10%
at the source, which respectively indicate that there were 80,
400 and 800 infected individuals among a total of 8000
incoming individuals. The highest prevalence, 10%, may
represent 'transmission events within an -airport of the
countiy of origin or on an aircraft. The analysis was made
by randomly simulating the incubation period (F), the gen-
eration time (G), the presence of any symptoms () and the
sensitivity of the rapid diagnostic test (S.) where F and G
randomly follow the assumed gamma and lognormal dis-
tributions, respectively. The two dichotomous variables
(i.e., the presence of symptorms and sensitivity of the rapid
diagnostic test) were randomly simulated with uniform
distributions (i.e., drawing random real numbers from 0 to
1).and using cut-off points at & = 0.667 and S, = 0.690. The
random sampling was performed for the number of
infected individuals (80, 400 and 800 times) in each simu-
lation, and the simulation was run 100 times for each
length of quarantine and prevalence level. To show the rip-
ple benefit, we also investigated the number of secondary
transmissions caused by released infectious individuals. -
This estimate was achieved by further randomly simulating

. the numbers of symptomatic and asymptomatic secondary -

transmissions. Both numbers were assumed t6 follow Pois-
son distributions with mean R (1-G(ty))(1-F(t4)) and R (1-
G(t,)), respectively, for each of the released symptomatic

and asymptomatic infectious individuals after the quaran-

tine of length ¢, days.

Finally, we examined the preventive performance of quar-
antine combined with rapid diagnostic testing. When the
combination scheme is employed, those testing negative
to the rapid diagnostic test following quarantine of length

t would be the population of interest, as they are then -
released into the community. Let p be the prevalence level
at the source (0 <p <1). Among infected individuals (who -
account for 100p% of the travellers), the fraction of those
who are detected or lose infectiousness following quaran-
tine of length ¢ (i.e., true positives) is (1-r(t}). Of the
remaining infected individuals r,(t), the fraction of those
testing positive, S,r;(t), to the rapid diagnostic test are
placed into isolation and, thus, are'added to the true pos- -
itives. Consequently, the remaining fraction (1-S.)r,(t)
are false negatives and are released into the community
(Figure 1). Among uninfected individuals (i.e., 100(1-p)%
of the travellers), the length of quarantine does not influ-
ence the preventive performance (because they are not
infected and their quarantine is irrelevant to the loss of
infectiousness). Thus, among the total number of incom-
ing travellers, the fractions (1-p)(1-S;) and (1-p)S, will be
testing positive (false positives) and negative (true nega-
tives), respectively, to the rapid diagnostic test. Conse-
quently, positive predictive value (PPV) of quarantine
combined with rapid diagnostic testing is
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_ pl1-(1=Se)n(t)] - ()
PI-(1-Se)n(OH+(1-p)(1-Sp)

whereas negative predictive value (NPV) is

(1-p)Sp
 p(I-Sen(®+(- PSp

PPV measures the preventive performance of quarantine
policy to correctly place infected individuals in quarantine
(orisolation) during their infectious period (i.e., how effi-
ciently are we placing infectious individuals in the quar-
antine facility, among a total of those who are diagnosed
as positive either by quarantine of length ¢ or rapid diag-
nostic testing). NPV measures the preventive performance
of the release policy (i.e., how large is the fraction of true
negatives among a total of those who are diagnosed as
negative after the quarantine of length ¢ and rapid diag-
nostic testing). We numerically computed both PPV and
NPV for different prevalence levels (from 0-15%}) and dif-
ferent lengths of quarantine (from 0 to 10 days). All anal-
yses were made using the statistical software JMP ver. 7.0
(SAS Institute Inc., Cary, NC). '

Results.

Intrinsic dynamics of influenza

Figure 2 shows density functions of the incubation period
and generation time. The incubation period was similar to
those reported previously [12,27,28]. Mean and variance
of the incubation period were estimated as 1.43 days and

influenza

f p-0-Sontl | (-0)1-S,)

.

guarantine and rapid
diagnostic test

pU1-So) ) 9)S )

released into the comrhunity

Figure |- ,

Performance of quarantine combined with rapid
diagnostic testing. r((f) is the probability of releasing infec-
tious individuals following the quarantine of length t days. S, =
sensitivity of the rapid diagnostic test; S, = specificity of the
rapid diagnostic test; p = prevalence at the source commu-
nity. Among infected individuals, those testing negative after
quarantine of length t (i.e., p(I-S.)r,(t)) are released into the
community. Among uninfected individuals, those testing neg-
ative (i.e., (1-p)S;) are released.

@)
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~ 0.48 days?, respectively. The generation time in the figure

includes the original datasets on different types of influ-
enza virus (weighed by each sample size). The mean,
median (25-75th percentile) and variance of the genera-
tion time were 2.92 days, 2.27 (l 41-3.67) days and 5.57
days?, respectively. -

Effectiveness of quarantine
‘Figure 3 shows the estimated effectiveness of quarantine as

a function of time since infection (i.e., time since arrival). A
different effectiveness measure (i.e., relative reduction of
the risk of releasmg "symptomatic infected" individuals
regardless of infectiousness) is shown (dashed line) com-
paratively with the other two results showing the relative
reduction of the risk of releasing "infectious" individuals in
the presence and absence of the use of rapid diagnostic test-
ing (thin and thick solid lines, respectively). It should be
noted that the reduction of symptomatic infected individu-
als is based only on the incubation period, measuring a dif-
ferent concept of effectiveness from other two. The
incubation period alone suggests that 95% effectiveness in
preventing the release of symptomatic infected individuals
is achieved by quarantine of 2.73 days.

We predict that 95% and 99% effectiveness in preventing
the release of infectious individuals is achieved with quar-
antine periods of longer than 4.74 and 8.62 days, respec-
tively. As can be observed from Figure 3, the impact of

0.7

06 | incubation period

------- generation time
0.5

04
03 -

02

Probability density (per day} -

0.1 -

0 3 6 9 12 15
Time since infection (days)

Figure 2

Probability density functions of the incubation period
and generation time of influenza. Gamma distribution
was employed to model the incubation period (i.e., the time
from infection to onset), whereas lognormal distribution was
fitted to the generation time (i.e., the time from infection of a
primary case to infection of a secondary case by the primary
case). The mean and variance of the incubation period and
generation time are estimated as |.43 days and 0.48 days?
and 2.92 days and 5.57 days?, respectively. For the original
data see: [22] and [26].
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0 48 96 144 192 240
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Figure 3

" Effectiveness of quarantine with and W|thout use of
rapid diagnostic testing as a function of time since
infection (i.e., time since arrival). Different effectiveness
measures of quarantine are comparatively shown. The
dashed line represents the effectiveness of quarantine, meas-
ured as the relative reduction of the risk of releasing "symp-
tomatic infected" individuals (regardless of infectiousness)
based on the incubation period alone. The two continuous
lines measure the effectiveness as the relative reduction of
the risk of releasing "infectious individuals” into the commu-

* nity, based on the incubation period, generation time and
probability of symptomatic disease, with (thin) and without
(thick) use of rapid diagnostic testing. The sensitivity of the
rapid diagnostic test was assumed to be 69.0% (based on cur-
rent test performance for seasonal influenza A [34]).

using rapid diagnostic testing on effectiveness is larger for
a short quarantine period. If a rapid diagnostic test was
available and this performed to the current standard for
detecting influenza A in the pre-pandemic setting, we esti-
mated that this additional testing would result in quaran-
tine periods for longer than 2.59 and 5.71 days having
effectiveness of over 95% and 99% respectively (Figure 3).

Sensitivity analysls

Given the above mentioned results, we mvestlgated the
sensitivity of quarantine effectiveness to four different
lengths of quarantine (2.8, 4.8, 5.7 and 8.7 days) and to
three different prevalence levels at the source (1%, 5% and
10%). The shortest length, 2.8 days, was suggested by the
incubation period as being 95% effective in preventing the
release of symptomatic infected individuals into the com-
munity. Two of the others (4.8 and 8.7 days) corresponded
to 95% and 99% effectiveness in preventing release of
infectious individuals by means of quarantine alone, and
5.7 days corresponded to 99% effectiveness when quaran-
tine was combined with rapid diagnostic testing.

Figure 4 shows the median (and 5-95th percentile) num-
bers of infectious individuals who are released into the
community after quarantine of specified lengths. The

http://www.biomedcentral.com/1471-2334/9/27

quarantine for 2.8 days could miss as many as 11 (5-16),
56 (45-68) and 114 (92-129) infectious cases for the -
prevalence of 1%, 5% and 10%, respectively in the 8000
arriving travellers considered. However, these misses were
reduced to 4 (1-7), 20 (13-27) and 39 (28-53) cases by
the quarantine of length 4.8 days, to 3 (0-5), 13 (7-19)
and 27 (16-36) by 5.7 days and, moreover, to 1 (0-2), 4
{1-8) and 8 (4-13) cases by 8.7 days. The additional diag-
nostic testing could greatly reduce the released number of
infectious individuals (Figure 4B). For the quarantine
lengths of 2.8 and 5.7 days with rapid diagnostic testing, -
3 (1-7), 18 (10-25) and 34 (25-45) cases and 1 (0-2), 4
{1-8) and 8 (4-14) cases, respectively, were expected be
released into the community for the prevalence of 1%, 5%
and 10%. All values for the quarantine period of 5.7 days
combined with use of a diagnostic test were less than 3%
of the total number of incoming infected individuals.

Figure 5 describes the ripple benefit of quarantine,
expressed as the number of secondary transmissions
caused by released infectious individuals. The qualitative
patterns found were similar to those of Figure 4, but it
should be noted that no secondary transmission was
observed in the community in several scenarios. Quaran-

" tine of length 2.8 days, with or without rapid diagnostic

testing, would lead to many secondary transmissions
caused by released infectious individuals. When there was

_ quarantine of 4.8 days without rapid diagnostic testing,

we found 0 (0-2), 3 (1-7) and 5 (1-11) secondary trans-
missions. Extending quarantine to 8.7 days resulted in no
secondary transmissions at prevalence levels of 1%, 5%
and 10% (i.e., all were O except for 1 secondary transmis-
sion at the 95th percentile for all three prevalence levels).
When diagnostic testing was combined with the quaran-
tine period for 5.7 days, 0 (0-1), 0 (0-1) and 0 (0-2) sec:
ondary transmissions resulted. That is, even though
quarantine alone for 8.7 days and quarantine combined
with diagnostic testing for 5.7 days permit the release of
several infectious individuals (up to 3% of the total
number of incoming infected passengers), the majority of
the released cases are at the late stage of infection and
hardly cause secondary transmissions in the island nation
(i.e. even in the worst case, only a few secondary transmis-

‘sions would be expected).

Preventive performance of quarantine with rapid
diagnostic testing

Figure 6 shows contour plots of PPV and NPV of quaran-
tine combined with rapid diagnostic testing as functions
of the length of quarantine and prevalence of influenza at
the source. Given a fixed prevalence, PPV was greater for
shorter length of quarantine (especially, fort < 1 day) due
mainly to the relative increase in detection of true posi-
tives by rapid diagnostic testing (see equation (6)). How-
ever, it became less sensitive to the length of quarantine as
the length became longer (for ¢t > 2 days) and depended
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Sensitivity of the number of infectious cases released into the community (after quarantine) to the different
lengths of quarantine and prevalence levels at the source. A. Quarantine alone. B. Quarantine combined with rapid
diagnostic testing. Sensitivity of the number of released infectious cases into the community (after quarantine) is examined for
different lengths of quarantine (2.8, 4.8, 5.7 and 8.7 days) and prevalence levels at the source (1%, 5% and 10%). Each dot rep-
resents median estimate of 100 simulation runs. The whiskers extend out to 5th and 95th percentiles of the simulations.

almost only on the prevalence (Figure 6A). Figure 6B dem-
onstrates that NPV was on the whole very high and sensi-
tive to both the length of quarantine and prevalence at the
source. For prevalence levels up to 10%, NPV with quar-
antine for longer than 2 days could be greater than 99.0%.
In particular, at a quarantine length of 6 days, NPV was
greater than 99.9% for prevalence levels up to 10%. In
other words, within the range of interest for quarantine
lengths, PPV was mainly determined by the prevalence
level (i.e., longer quarantine with rapid diagnostic testing
does not load too many additional false positives on iso-
lation facilities compared with the use of shorter quaran-
tine and testing). Also, NPV can be. extremely high,
indicating that the release policy can efficiently suggest
that the released individuals are likely to be true negatives.

Discussion

The present study provides theoretical support for border:

quarantine as a worthwhile pandemic influenza control
measure for small island nations. Detailed advance plan-

ning for quarantine measures may therefore be justified

‘during the pre-pandemic period. From our quantitative
findings, we recommend a quarantine period of 9 days
(rounding 8.7 days to the next integer) to reduce by more
than 99% the risk of introducing infectious individuals and

to ensure the absence of secondary transmissions caused by
released infectious individuals in the community. If the use
of rapid diagnostic testing can be combined with quaran-
tine, the quarantine period could be shortened to 6 days
(rounding 5.7 days to the next integer). To the best of our
knowledge, the present study is the first to explicitly suggest
an optimal length of quarantine for pandemic influenza
derived from detailed epidemiologic characteristics of this
infection. Although our recommendations are based on
arbitrarily considering the specific percentiles of effective-
ness, and although the absence of secondary transmissions
depends also on the absolute number of incoming individ-
uals, we believe that our findings (with realistic ranges of
prevalence and the number of travellers) provide evidence-
based estimates that can be used for pandemic planning.
Quarantine might ultimately be unsuccessful in preventing
importation of infected individuals {35]. However, delayed
entry of the pandemic virus could provide time to intro-
duce other social distancing and pharmaceutical interven-
tions that may reduce the overall impact of a pandemic
[1,9,30,36-39].

In recent studies, the optimal léngth of quarantine was
considered by using the incubation period distribution
alone, identifying the 95th or 99th percentile point of the
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