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Abstract: Wc present our thodol and h discrete-cvent
simulation developed to model the ing of gers for pand
mﬂm.nza at the US pon-ofcnm airports. Our mode! uniquely combines
! modcllmg I mfeaed states and conditions of passengors
over time, and p ions of n a single
The simulation begins with i ional aircraft arivals to the US. Passengers
arc then randomly assigned to one of three states — not infected, infected with
pandemic influcnza and infected with other respiratory illness Pwngm then
pass lhmugh various scmenmg layers (1 e. pn:-dcpamm scmnmg cn route
primary ing and ng) and ulti ly exit the
system. . We track the stamus of cach pmngcr over time, with a special
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cmphasis on falsc ncgatives (i.c. passengers infected with pandemic influenza,
but arc not identified as such) as thesc passengers posc a ngmﬁr.am lhn;a( as
they could unknowingly spread the d virus through our
nation.

Keywords: cpidemiology modclling; false ncgative; pandemic influenza;
passenger screening; probability of detection; process simulation.
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1 Introduction

In the event of confirmed human outbreak of a pandemic influenza virus overseas, the
United States Nauonal S(rntcgv for Pandemic Influenza calls for the implementation of
pre-d g at ional origin airports, en route screening and arrival
screenmg at the US ports-of -entry (Homeland Security Councll Us, 006) To ascertain
the potential emcacy of passenger screening and the Iting p we
built a stoch nt I of the US airport entr) screening. This model
uniquely b pidemiology modelling, evolving infected states and conditions of
passengers over time, and operational impacts of passenger screening in a single
integrated simulation.

Under different pandemic scenarios, subsequent analysis based on this simulation can
provide insights about the possible range of benefits, costs and imp of alternative
mitigative, diagnostic and quarantine . These insights can help decisi kers
plan for the resources needed at the port-of-entry airports, anticipate the possible
developments if a pandemic emerges, and ascertain appropriate courses of action.
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Predictions from the simulation model can be used in pandemic influenza border
planning to address questions about the bers of p who will d, the
number of infected passengers that will be identified and not identified, screening times
and delays, supply and personnel needs, space requirements at the airport and other
related planning considerations.

2 Methodology

The screening process which our simulation models is consistent with the draft
Department of Homeland Security (DHS) and Centers for Disease Control and
Prevention (CDC) pt plan for pandemic infl border planning and the concept
of operations for air entry screening, in which there is primary and secondary active
surveillance at port-of-entry airports (US Department of Homeland Security (DHS),
2007).

Prevalence. The analysis makes assumptions about the prevalence of pandemic influenza
in foreign regions, i.e. epidemic curves, based on analysis of plausible global pandemic
influenza conditions. In our model, we use four general geographic regions — Asia,
Europe Laun America and Canada. The prevalence in foreign regions affects the

| among llers from these regions to the US. Recent US
Department of Transp ion data on the bers of flights and passengers into each US
airport provide estimates of the possible volume of passenger traffic. We run our
simulation for 100 days of ing with the ption that ing starts while the
prevalence rates are still low in the foreign regions. During the 100 simulated days, the
prevalence rates then rise and then fall back to near zero.

[liness progression and detection. The passenger screening simulation model uses these
estimates, randomly determines whether a ger is infected (based on the
prevalence), and tracks the progression of the lllness in each infected passenger. A key
mput to this part of the analysis |s the estimated effectiveness of accurately detecting

p gers at exit g prior to departure, en route, and at primary active
surveillance upon arrival at the US airport.

Mitigative and di Jfor screening. The efficacy of antiviral drugs
provided at the mrporl, the ability of health care professionals to :dentify that a passenger
possibly has influenza of any type, and the sensitivity and specificity of diagnostic
methods for determining whether a person who is suspected of being infected is actually
infected are also key inputs to the analysis. Input values are based on a review of the
scientific literature and on subject matter experts’ estimates.

3 Passenger process simulation overview

We constructed a stochastic, discrete-event simulation of antici d ger screening
operations, and the corresponding flow of p g usmg !he Rockwell Arena
P ional Edition applications software (Rockwell Automation, Inc, 2006; Kelton,
Sadowski and Sturrock, 2007). The s:mulzmon starts with the generation of aircraft
arrivals and passenger loads from international originating airports ding to daily

flight schedules. Consistent with federal plans, we assumed that these ﬂighls will be
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funnelled into the 18 airports that have CDC and prevention quarantine stations. Each

passenger is categorised into one of three infected states as di d below. P

then pass lhmugh the ng layers (i.e pre-dep g, en route screening,

primary g and dary ing) and ul ly exit the system with one of

four declared outcomes.

True positive. P; is infected with pandemic infl and 1s declared infected

with pandemic mﬂuenn

False positive. P ger is not intected with pand fl but is declared infected

with pandemic influenza.

True negative. P. 1s not nfected with pandemic infl and is not declared
focted w“h A, gy 1

False negative. P; is infected with pandemic infl but is not declared

nfected with pandemic influenza

We note that false negative p gers are the signifi threat to our nation because
they wall exit the screening system and unknowingly spread the pandemic influenza virus

throughout the country.

4 Passenger process simulation logic

To construct our lation of ing and station operations, we first
developed a simulation flow logic d as shown in Figure 1. The logic starts with the
assignment of probabilities for each individual passenger entering the system, that is, the
probability of being in one of three true infected states: not infected, infected with
pandemic influenza or infected with other respiratory illness. The probabilities being
infected with pandemic influenza or other respiratory illness are labelled as p;, and p,,

pectively. Thus, the probability of not being infected is 1-p,,—p,, (this assumes that the
infected states are mutually exclusive)
Next, p gers pass th nn nngm layer whem they could be detected

and culled out as being p ally infe d with p nd gar dless of their
true infected state. Of course, the probability of being culled out is related to a
passenger” s true infected state and prmm condition if infected (i.e. asymptomatic or
sy ); P are also all d to recover as the simulation proceeds as the
time elapsed to recover for each passenger is tracked. Assumed probabilities for these
detection rates will be provided in Section 5 for this and the other screening layers in the

modelled process. As with the origin, ining p ngers can be identified during the
flight to the US or after arrival as they pass through primary ing. P: gers who
are identified as illy infected en route or at primary screening are sent to

secondary screemng for a more thorough examination and possibly for diagnostic tests
(e g reverse transcription polymerase chain reaction (RT-PCR) diagnosis, US
Dcpmmcm of Health and Human Services, 2006). After secondary screening is

s are declared as either being infected or not. Lastly, the simulation
p ger states against their ‘true’ infected state as modelled when
they enter the system so that each passenger falls into one of the four outcomes — true
positive, false positive, true negative or false negative.

bl o d et
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Figure 2 Screenshot of major clements (the larger blocks) associated with the passenger process
simulation (sec onlinc version for colours)
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5 Passenger process simulation details

This section describes the key
the simulation is shown in Figure 2.

of the simulation. A high-level screenshot of

P

3.1 Generation of aircraft arrivals and passenger loads

The simulation starts with the generation of aircraft arrivals and passenger loads from
international origins. Individual origins were grouped into one of four geographic
regions — Asia, Europe, Latin America and Canada (e.g. flights from Hong Kong are in
the Asia region). The modelled aircraft arrivals and passenger load distributions for San
Francisco International Airport (SFO) are shown in Figure 3 (US Department of
Transportation, R h and I ve Technology Admi jon RITA (2006)).
A portion of the Arena sub-module for the generation of these aircraft is shown in
Figure 4. Passenger loads on each flight are determined by modelling historical
minimum, mode and maximum historical passenger loads and then drawing a specific
passenger load for each flight from a triangular probability distribution (Law and
Kelton, 2000).

52 A
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After passengers are generated in the si they are assigned pr of being
fected with pandemic infl P other respiratory illness, p,., or not infected,
1-pi—pi.. The functional form we used for p,, for each region is as follows:

1
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Figure 3 San Francisco international aircraft arrivals and passenger load distributions
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Figure 4 Screenshot of sub-module for aircraft generation and assignment of infected
probabilitics (sce online version for colours)
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Table 1 Parameters uscd to compute pg
Parameter Asia Europe Latin America Canada
Approximate Ry 30 24 2.1 20
Center of curve 22 43 58 70
Spread of curve 4.5 9.5 12 I
Amplitude max 11.5% 45% 25% 2.0%

where j = 14 pertaining to the region of interest (i.e. Asia, Europe, Latin America or
Canada), g, is the centre of the epidemic curve, b, is a measure of the spread of the
epidemic curve, ¢, is the peak amplitude of the epidemic curve and /, is the simulation
time in days (integer). The form of this curve is based on epidemic curves experienced in
the 1918 influenza pandemic and presented by (though not necessarily endorsed by)
M. Cetron (DGMQ, CDC) which origmaled with S. Barrett and MIDAS. A summary of
parameter values for the different regions is provided in Table 1. These parameters yleld
the corresponding prevalence curves used for the probability of p being infe
with pandemic influenza, based on their respecnve origin regions, as shown in Figure 5.
The approximate value for the more common basic reproduction number, Ry, based on
the selected parameter values for p;, are also provided in Table | (Kretzschmar et al.,
2004). For p,, we assumed a constant value of 3% throughout the simulation (Malone,
Mad)id and Casscells, 2006). Again, we ran our simulation for 100 simulated days.

10 R.T. Brigantic et al.

Figure 5 Probability of passcnger being infected with pandemic influenza, pip, as a function of
simulation day by origin region (scc onling version for colours)
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Next, for passengers who are i with p or other respiratory
illness, we model the elapsed time since these passengers were first infected and when
they b e ymp ic and recover. In particular, using the parameters

contained in Figure 6, each passenger infected is given the following attributes which are
drawn independently

1 time when they first become symptomatic, £, ~U(12, 50) in hours

2 time when they would recover, ¢ ~U(120, 384) in hours; the elapsed time since they
were infected, f,, ~U(0, 1) in hours.

o~

The same approach applies for those i d with other respi y illness.
Using the parameters contained in Figure 7, we assign infected passengers with the
following attributes:

1 time when first b infe t ~arg min(l,, U(10, 48)) in hours
2 period during which an infected p ger is infe , 1o ~U(48, arg min( 216,
1)) in hours.
Thus, a p ger is no longer infectious after fi + £y huurs These functions ensure that a
ger cannot b symp ic prior to b ing infectious nor be infecti
aﬂer they recover.
Throughout the simulation, the elapsed time since being infected is updated so that a
passenger’s condition can change during the g p and the ponding

detection parameter is applied at each screening layer.
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Figure 7 Parameters and vanables for infectious and infected times for infected passengers

Figure 6  Parameters and variables for asymptomatic and symptomatic times for infected
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3.3 Modelling of pre-departure screening

b h P T 4,

In our model, each p ger passes ugh a p parture ing layer at
the originati urpon Detection p that d 1 ifﬂ, is deniad flight
depend on the 1ger’s true infected state (i.e. infected with pandemic i

nfected wath olher respiratory |llneu or not infected) and the pnunger s condition
(1. asymp or symp ). These and p for the other
screening layers are shown in Table 2. The ‘gold’ coloured cells indicated the baseline or

Scenario | parameters values used in this study. We have also included model logic to
allow a user specified percentage (e.g. 50%) of passengers who are infected and
symptomatic, and who decide not to fly. This is akin to passenger self-screening as
passengers who feel ill may decide to stay home until they feel better, especially if it is
known that a pandemic has started and they may scrutinised during travel.

354 Modelling of en route screening

We next model the en route progression of the state of infected passengers and their
potential detection by the flight crew. In this case, we also include a 2 hours pre-arrival
time at the ional origin for This time is accounted for in the model for
disease progression. As above, passengers belonging to any of the true infected states
could be identified by the flight crew, which would then require subsequent examination
at secondary screening after the ﬂlghl amve: m the US and the passengers are
disembarked. In this case, these p ially 1 1gers bypass primary screening
and are sent directly to ‘, mthenwdel[nourmodeluwe!nekﬂne
progression of infected states and the p ng flight durati ifap ger ever
reaches the symptomatic state en route, we use the higher en route detection probabilities
as shown in Table 2 for symptomatic passengers.

5.5 Modelling of primary screening

Upon amvul in the US, all international passengers that wre not identitied en route as
1ally infected with pandemic infl will pass th pnmary 8. Again,
mfected passenger states are updated based on time elzpsed since being mfecled We
model a standard 10 minute transit time to the primary area screening area. Passengers
will also typically wait in line for primary screening due to finite resource levels and
space. The delay time waiting in line at primary screening is accounted for in modelling
passenger smcs and subsequent detection probabilities. At primary screening, we
d a baseli level of six screeners who each monitor a single primary
screening point with an assumed mean service time of 17.33 sec. To implement this in
the model, we actually use a triangular distnbution with minimum = 10, mode = 12 and
ma:umum =30sec and draw a single occurrence from this distribution for each

id upon p ing at primary screening. Using the detection
probabili m lele 2, suspected ill p are routed to secondary screening for
further ion. The i are allowed 10 leave the screening system

and to proceed to the federal mspecnon semces (FIS; e.g. customs and immigration
inspections).

14 R.T. Brigantic et al.

Table 2 Table of d at various stages (sce online version
for colours)
§§§;s§f==“
HTBBBRE
T RannE
5-'* £ £
g;\frg.!.ss
3§5{;§L§£§£§
Sl e e e [
o blElE]e ]
ggsguzsﬁ
ﬂ_{;;ilifiii
Loelsleg]e]s ' HHEEBE
HTAnnne iR
fohielele]e]e ggeglzsséz
LRI §§{£1555£E
_ﬁ’%““‘ii ég}agssz::
Poellelelels]sly i Hoifelslelee
liddissss!i I pREdE L[58
H s H £
,r;f;islusss ig Poullele]e]els
Wil elelelele i Dohflelelele]s
i
v M 32 ¥ .
([T |3 [T
s i Eé .-:"i
Ll L
i I WLt




e ——

Screening of passengers entering US airport for pandemic influenza 15

3.6 Modelling of secondary screening and diagnostic tests

For those passengers directed to secondary proceuing, we update the progression of the
illness in infected For p \gers arriving from primary screening, we
include another 10 mmute trmsn time from primary screenmg As before passengers

also have to wait in line to be seen by health care professi at y g 50
that this wait time is accounted for and the sme of their illness is updated prior to
so that the appropriate d bability i1s applied. At this point, the

medical professional can release the passenger to the FIS as not being suspected ill or can
direct the passenger to undergo a formal diagnostic test. In the latter case, we modelled
an RT-PCR diagnostic !est with sensitivity (i.e. infected with pand fl ) and
specificity (i.e. not fected with pandemic infl ) values as shown in Table 2. At
sccondary \g, our baseli ption includes a total of eight medical
profi Is to p p gers and decide on p g ditions/diag; tests.
It 1s assumed that the mean service time for each p 7.67 mi To impl
this in the model, we actually use & triangular distribution with minimum = 3, mode =
and maximum = lS minutes nnd draw a smgle occurrence from this for each mdlvndual
passenger going through g

For the RT-PCR test, we assumed a mean processing time of 7.67 hours (triangular
distribution with minimum = 3, mode = 5 and maximum = 15 hours). The estimates were
based on discussions with subject matter experts in the field. These discussions indicated
that even though the actual test could be done in a considerably shorter amount of time,
the collection of a specimen from the passenger, its delivery to a testing laboratory
(perhaps to a different part of the city from the airport) and reporting on results could
cause the test to take significantly Iongcr After alrpon health screemng personnel receive
the RT-PCR test results, the p ger's is d as either being infected
with pandemic influenza or noL

5.7 Data collection on passenger outcomes

Ultimately, every passenger who enters the US in our model is given one of the four
outcomes discussed above (ie. true positive, false positive, true negative or false
negative). These outcomes are tracked over time in the simulation and are used for
computing various metrics and results, a sample of which is shown in Section 6

6 Sample results

Running our simulation produces a vanely of perllnenl output metrics, both
epidemiological (e g. number of pand fl gers entering the US
over time) and operational in nature (e.g. passenger waiting nmes at the various screening
layers).

Figure 8 shows a sample of a portion of the simulation output as captured in a
spreadsheet. Additional sample results are shown in Figures 9-13 based on our
assumptions for SFO. Figure 9 shows a comparison of false negative, true positive and
false positive passengers by simulation day for SFO. Figure 10 shows a similar plot of
combined false negative and true positive passengers broken out by respective origin
regions. Figure 11 shows a comparison of false negative outcomes if no screening was
done at all, if just origin exit screening was invoked, and then the full entry screening
process as described.

16 R.T. Brigantic et al.

Figure 8 Sample of a portion of output from passcnger process simulation
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Figure 12 shows false positive outcomes by region for SFO. It is important to track and
account for false positive passengers because they will consume screening process

(both p | and supplies like antiviral medications), add to the overall
mean wait time of passengers in the airports, and cause stress to these erroneously
diagnosed passengers

Lastly, Figure 13 displays the total time in the screening system upon arrival at SFO
for the different passenger outcomes. True positive and false positive passengers spend
considerably longer time in the system because they are sent to secondary screening and a
large p age of these p 1gers then undergo RT-PCR testing.

Figure 9  Aggregalc falsc ncgative, true positive and false positive summary for San Francisco
international airport (mean number of outcomes by day for 30 simulation replications)
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Figure 10 Aggregate false negative and true positive summary for San Francur.o intemational
airport (mean number of by day for 30
(sec onling version for colours)
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Figure 11  Comparison of falsc negati for diffcrent levels of screening for San
Francisco intemnational airport (mecan number of by day for 30 simulati
replications) (see online version for colours)
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Figure 12 Comparison of falsc positive outcomes, by region, for San Francisco intcrnational
airport (mean number of outcomes by day for 30 simulation replications)
(see online version for colours)
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Figure 13 Comparison of total time in system by outcome for San Francisco international airport
(mcan number of outcomes by day for 30 simulation replications)
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In our work, we focused on SFO but then applied our analysis by appropriately scaling
the SFO results (1.e. different flight arrival patterns, passenger loads and region origins
were accounted for) to the other US airport ports of entry for a nation wide look at
passenger screening.

7 Conclusions

This simulation i is quite pow:xful in its ab|I|ty to modcl mdwldual passengcr mfecu:d
states and d , 1 P g ep
dnrectly mlu thc imulation, and outputting an esti on (he numbcr of pandemic
entering the United States as a function of time. Detection
efficacy at the vanous layers can be modelled to determine the overall effectiveness of
the screening process Of caume the model s highly dependent on input parameter
like pand | rates at origin regions and detection
pmhabllmﬁ at the various screening layers Hence, care should be taken in making broad
lusions from the simulation; and sensitivity analysis on results should be conducted.
In addmon, at thns pomt we have not applied high fidelity modelling of the different
Is for each p ger, but this is a potential area for
future rescarch as wananted Sume specific conclusnons and insights based on our results
are as follows.

1 Importance of exit sc 8. Inter | that enable extensive pre-
departure screening could grully reduce the number of infected passengers entering
the US. In fact, based on the parameters assumed in our study, this is one of the
major screening layers used to remove infected s from inbound flights to
the United States
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2 Effectiveness of entry screening. Effective entry screening can reduce entry of
infected people by more lhan 50%, but effectiveness of screening is limited by the
number who are asymp This lusion points to the need for research on

technologies/methods that can be used to identify asymptomatic passengers

3 Effect of screening on timing oj entry. The results, mdicate that the impact of entry
screening is primarily on reducing the bers of i d gers entering the
country undetected, and not so much on significantly d:laymg the day when the
initial infected passengers enter the country.

4 Secondary cases. In addition to the above results and conclusions, secondary cases
(1.¢. those who contracted influenza during travel) are not factored into the above
statistics and could be a significant source of additional, undetected infected
passengers.

5 Strain on resources. Screening activities could require significant airport-terminal
space and result in significant passenger delays. A key point here is that due to the
stochastic nature of flight arrivals, passenger loads and service times, queues will
bulld up. Resource (e 8 equipment, space and personnel) requirements might need to
be p d against as opposed to the mean queue lengths and holding
requlrcmen!s

6 Diagnostic advances could reduce delays. We are able to estimate passenger
processing times and queue lengths at various stages in the process, as well as
resource utilisation levels based on the assumed resource staffing levels. This
capability could facilitate assessments of quarantine and screening system needs,
such as adequate personnel staffing levels, physical space requirements and other
related infrastructure needs (Quarantine Stations at Ports of Entry Protecting the
Public’s Health, 2006). Develop of new di ic tests could greatly reduce
delays to airport passengers waiting for test results. The major contributor for long
service times for passengers is waiting for RT-PCR test results. If such tests could be
automated and/or made shorter and/or be carried out at point-of-care at the airport,
wait times could be significantly reduced.

One last worth ioning is that the simulation allows us to estimate each of
the true positive, false positive, true negative and false negative values over time. In
reality, we would only actually know the true positive values under a real pandemic
since, for example, if we could identify infected passengers, then they would be true
positive passengers. Knowing this, it might be possible to correlate model outputs with
real world observed true positive values to esti the false negative p gers into our
country.
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