
S1. Appendix of the Impact of Opening Dedicated Clinics on

Disease Transmission during an Influenza Pandemic

1 Lower and Upper Bound (LB and UB) Estimations for High-
Risk Children and Adults

As all asthma patients are considered high-risk [1] , we use a LB of 12% for children and LB of 8% for

adults [2]. The UB is determined from our empirical data and arithmetic calculation. We find that 22%

of the children are at high risks among those visiting the Children’s Healthcare of Atlanta (the largest

provider of pediatric services in Georgia) in year 2009 and set it as the UB for children. We estimate 24%

as the UB of adults who are high-risk (denoted as Phr,ad) based on (i) the high-risk proportion (denoted

as Phr,overall, 20.7%=62/299 from a CDC report[3]) in the entire population, (ii) the proportions of adults

and children in the population (denoted as Pad, Pch respectively), and (iii) the LB of high-risk children

(denoted as Phr,ch). Specifically, the following is the formula we use to derive the UB of adults:

Phr,ad = (Phr,overall − Phr,ch × Pch)/Pad ≤ (Phr,overall − (LB of Phr,ch)× Pch)/Pad.

2 Natural Disease Progression Model and Parameters

We use a detailed SEIR (Susceptible, Exposed, Infectious, and Recovered) model [4, 5, 6] to depict

the disease progression of individuals based on their ages and risk groups. In particular, individuals

are divided into five age groups: 0–5, 6–11, 12–18, 19–64, 65+. They are either low-risk or high-risk.

Each individual can stay in one of the disease stages, i.e. susceptible (S), exposed but not infectious

(E), presymptomatic (IP ), asymptomatic (IA), symptomatic (IS), hospitalized (IH), recovered (R) and

dead (D), at a certain time. The disease progression model is shown in Figure 1 of Ekici, Keskinocak

and Swann[5]. All individuals start from susceptible stage. If infected, individuals become exposed but

not infectious and then presymptomatic. Presymptomatic patients may not show any symptom with

probability pA or develop symptoms with probability 1 − pA. Asymptomatic patients recovers for sure.

Symptomatic patients may be hospitalized with probability pH or directly get recovered with probability

1− pH . Hospitalized patients may die with probability pD or recover with probability 1− pD. Patients

are infectious when they are in presymptomatic, asymptomatic, symptomatic and hospitalized stages.

Individuals who get recovered are immune to the disease. The age-and-risk-specific parameters are

presented in Table 1.

1



Table 1. Natural disease progression parameters.

Notations Descriptions Values References
pA Probability of infected individual to

become asymptomatic

0.4 for working adults (age 19–24) and

0.25 for others

[4, 7, 8, 9]

pH Probability of symptomatic individual

to be hospitalized

Among low-risk people, 0.18 for young

children (age 0–5), 0.12 for elderly (age
65+), and 0.06 for others; among high-

risk people, 0.36 for young children

(age 0–5), 0.12 for children (age 5–18)
and elderly (age 65+), and 0.06 for

others.

[4, 9]

pD Probability of hospitalized individual

who becomes dead

0.344 for children (age 0–5) and elderly

(age 65+), 0.172 for for others

[4, 10]

Duration of E+ IP Length of exposed and presymp-
tomatic stage

Weibull with mean 1.48 days and stan-
dard deviation 0.47 days and offset of

0.5 days

[4, 11]

Duration of IS Length of symptomatic stage Exponential with mean 2.7313 days [4]

Duration of IA Length of asymptomatic stage Exponential with mean 1.63878 days [4]

Duration of IH Length of hospitalized stage Exponential with mean 14 days [4, 11]

Initial R0 Reproductive rate (average number of
secondary cases generated by an infec-

tious individual) before hospitals and

clinics are introduced

1.5, 1.8 [4, 12, 9, 11, 13]

θ Proportion of transmission that occurs
at presymptomatic or asymptomatic

stage

0.3 [4]

ω Proportion of infections generated by

individuals who are asymptomatic

0.15 [4]

γ Proportion of transmission that occurs

outside the households

0.7 [12]

δ Proportion of transmission outside the
households that occurs in the commu-

nity

0.5 [12]

3 Contact Network and Parameters

In our simulation model, individuals contact others in social groups, including household (H), community

(C), peer groups (G), hospitals (D), and flu clinics (F ). Peer groups are classrooms for children and

workplaces for adults. The average peer group sizes are 14, 20 and 30 for children in age groups 0–5, 6–11

and 12–18 respectively [14]. The workplace sizes for adults in age group 19–64 follow a truncated Poisson

distribution with mean 20 and maximum 1000 [8]. Elderly with age 65 or above stay alone in his/her

peer group. Initially, all individuals are susceptible. We randomly pick 30 individuals in the population

to get infected.

Our simulation model determines the time of next infection and chooses a person to get infected based

on the method of instantaneous FOI (Force Of Infection) in prior studies [4, 5, 6]. A higher instantaneous

FOI experienced by a susceptible individual implies a higher probability the individual become infected

in the social group. The instantaneous FOI experienced by the ith person in the day (λDi ) and in the

night (λNi ) are calculated using the following formulas. Notations and calculations will be explained in
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details following the formulas.

λDi =
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In particular, Si is the susceptibility of the ith individual and mi is the infectivity of a symptomatic

individual i. They are defined the same as prior papers [5, 6, 10] , i.e.,

Si =

 0 if i is not susceptible;
1.1036 if i is a susceptible child;
0.9597 if i is a susceptible adult.

and

mi =

{
1.3158 if i is a child;
0.8772 if i is a adult.

Moreover, nDi and nFi denote the number of individuals in the same hospital or clinic as the ith individual

respectively. nHAi is the number of active household members of the ith individual, which excludes those

dead and hospitalized individuals in ith individual’s household. NC
i is the number of individuals in the

ith individual’s community. δHij , δGij , δ
C
ij , δ

D
ij and δFij are indicators: if ith and jth individuals are within

the same social group (household, peer group, community, hospital, and clinic respectively), the variable

is set to be 1; otherwise the variable is 0. We assume that all symptomatic children withdraw from

their peer groups and symptomatic adults withdraw from work with probability 0.5. εGj , εDj and εFj are

indicators of jth individual being in his/her peer group, hospital and clinic respectively.

In our model, we consider three major maxing patterns: (i) The basic-mixing routine, where individ-

uals mix in their peer groups during daytime, in their household groups during the night, and have some

random contacts in their community groups, e.g. church and grocery stores, both day and night; (ii) The

hospital/clinic-mixing routine and mixing with family mode at night, where individuals mix in hospitals

and are accompanied by family members during the night; (iii) The hospital/clinic-mixing routine and

mixing with patients mode at night, where individuals mix in hospitals/clinics and are not accompanied

by family members during the night.

(i) is modeled in prior studies [4, 5, 6]. These studies define coefficient of transmission (β), relative

hazards of an infected individual at disease stage X to symptomatic stage (hX , X in {P,A, S}), and

relative hazards in social group Y to households (hY , Y in {H,G,C}). Similarly to these definitions,

we define β̄, h̄X (X in {P,A, S}), h̄Y (Y in {H,D}) for (ii), and β̃, h̃X (X in {P,A, S}) for (iii). For

(iii), h̃F is defined to be one. Based on the definition, hS = hH = h̄S = h̄H = h̃S = 1. Note that

we regard hospitalized individuals as symptomatic patients in hospitals so we will use hS (h̄S or h̃S) in
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the calculation of their infectivities. We will explain the details of estimating these parameters in three

subsections.

Furthermore, hXj
, h̄Xj

and h̃Xj
denote the relative hazard rate of the jth individual in disease stage

X for (i), (ii) and (iii) respectively. We have the following relationships.

hXj
=


hP if j is a presymptomatic patient;
hA if j is a asymptomatic patient;
1 if j is a symptomatic/hospitalized patient;
0 otherwise;

h̄Xj
=


h̄P if j is a presymptomatic patient;
h̄A if j is a asymptomatic patient;
1 if j is a symptomatic/hospitalized patient;
0 otherwise;

h̃Xj
=


h̃P if j is a presymptomatic patient;

h̃A if j is a asymptomatic patient;
1 if j is a symptomatic/hospitalized patient;
0 otherwise.

3.1 Estimate of Parameters for Basic-Mixing Routine

In this subsection, we use initial R0 (reproduction number), θ (proportion of transmission that occurs at

presymptomatic and asymptomatic stage), ω (proportion of infections generated by individuals who are

asymptomatic), γ (proportion of transmission that occurs outside the households) and δ (proportion of

transmission outside the households that occurs in the community) in Table 1 to estimate β, hX (X in

{P,A}) and hY (Y in {G,C}). The calibration method is used in prior studies [4, 5, 6]. We define rXY

(X in {P,A, S} and Y in {H,G,C}) as the average number of people in social group Y by an individual

at disease stage X. We can derive the following equations by definition.

rPH =
∑7
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(
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(
hP β
2n

))
,
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∑7
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(
hP β
2n

)(
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(
hAβ
2n

))
,
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(
hP β
2n

)(
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(
β
2n

))
,
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(

1− φP
(
hPhGβ

2

))
,

rAG = p̄A(q1n1 + q2n2 + q3n3 + q4n4 + q5n5)φP

(
hPhGβ

2

)(
1− φA

(
hAhGβ

2

))
,

rSG = (1− p̄A)
(

(q1n1 + q2n2 + q3n3)φP

(
hPhGβ

2

)
(1− φS(0))

)
+(q4n4 + q5n5)φP

(
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2

)(
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(
hGβ

4

))
,

rPC = N
(

1− φP
(
hPhCβ
N

))
,

rAC = p̄ANφP

(
hPhCβ
N

)(
1− φA

(
hAhCβ
N

))
,

rSC = (1− p̄A)NφP

(
hPhCβ
N

)(
1− φS

(
hCβ
N

))
,

R0 = rPH + rAH + rSH + rPG + rAG + rSG + rPC + rAC + rSC ,
θ = (rPH + rAH + rPG + rAG + rPC + rAC)/R0,
ω = (rAH + p̄ArPH + rAG + p̄ArPG + rAC + p̄ArPC)/R0,
γ = (rPG + rAG + rSG + rPC + rAC + rSC)/R0,
δ = (rPC + rAC + rSC)/(rPG + rAG + rSG + rPC + rAC + rSC),
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where qi denotes the proportion of population in age group i (i = 1, . . . , 5), ni is average size of peer groups

for age group i (i = 1, . . . , 5), N is the total number of population, and p̄A = 0·25(q1+q2+q3+q5)+0·4q4,

which is the average probability that a presymptomatic individual does not develop symptoms. pn

(n = 1, . . . , 7) is the probability that an individual lives in a household with n members. [15] In addition,

φX(h) = E[e−hDX ] (X in {P,A, S}) defines the probability that an infection does not occur during disease

stage X for a hazard of infection h, where the duration DX of disease stage X is defined in Table 1.

We solve the above nonlinear equations for β, hX (X in {P,A}) and hY (Y in {G,C}).

3.2 Estimate of Parameters for Hospital/Clinic-Mixing Routine and Mixing
with Family at night

Similar to previous subsection, we can solve the following nonlinear equations for β̄, h̄X (X in {P,A}),

h̄D.

r̄PH =
∑7
n=1 pn(n− 1)

(
1− φP

(
h̄P β̄
2n
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,

r̄AH = p̄A
∑7
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(
h̄P β̄
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))
,
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2n
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,
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(
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,
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,

R0 = r̄PH + r̄AH + r̄SH + r̄PD + r̄AD + r̄SD,
θ = (r̄PH + r̄AH + r̄PD + r̄AD)/R0,
ω = (r̄AH + p̄Ar̄PH + r̄AD + p̄Ar̄PD)/R0,
γ = (r̄PD + r̄AD + r̄SD)/R0,

where r̄XY (X in {P,A, S} and Y in {H,D}) is defined as the average number of people in social group

Y by an individual at disease stage X in mixing pattern (ii) and ND is the average number of patients

in hospitals.

3.3 Estimate of Parameters for Hospital/Clinic-Mixing Routine and Mixing
with patients at night

Let r̃XF (X in {P,A, S}) be the average number of people in hospitals/clinics by an individual at disease

stage X in mixing pattern (iii). Similar to subsections above, we can solve the following equations for β̃,

h̃X (X in {P,A}), and h̃F .

r̃PF = NF

(
1− φP

(
h̃P β̃
NF

))
r̃AF = p̄ANFφP

(
h̃P β̃
NF

)(
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r̃SF = (1− p̄A)NFφP

(
h̃P β̃
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)(
1− φS

(
β̃
NF

))
R0 = r̃PF + r̃AF + r̃SF
θ = (r̃PF + r̃AF )/R0

ω = (r̃AF + pAr̃PF )/R0

where NF is the average number of patients in hospitals/clinics.
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4 Model Validation

We utilize the clinical attack rates for the 1957 pandemic [16] to validate our model. Clinical attack

rate is the cumulative proportion of people who have ever been symptomatic. We adjust parameters as

shown in Table 2. Table 3 presents the age-specific results of R0 =1.5, which is in line with the estimated

R0 =1.5–1.7 in the 1957 pandemic [12]. The calibration procedure has been employed by several prior

papers [5, 6, 9, 11, 17].

Table 2. Adjusted parameters to achieve the age-specific clinical attack rates for the 1957 pandemic.

Parameter Original Adjusted
pA 0.4 for working adults (age 19–24) and 0.25 for

others

0.35 for age 0–18, 0.47 for age 19–64, 0.65 for

age 65+

Si 1.1036 for susceptible children, 0.9597 for sus-

ceptible adults, 0 if not susceptible.

1.4236 for susceptible children, 0.8374 for sus-

ceptible adults, 0 if not susceptible.

Table 3. Age-specific clinical attack rates for our model validation.

Age group 1957 Pandemic
[16]

Our model with adjusted parameters

Age 0–5 32.17% 31.53%

Age 6–11 35.02% 34.44%

Age 12–18 38.44% 38.78%

Age 19–64 22.24% 21.95%

Age 65+ 10.00% 9.86%

Total 24.72% 24.40%
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