MODULE 4.3

Modeling the Spread of SARS—
Containing Emerging Disease 3|

oawnlodicds

The text's website has SIR and SARSRelutionships files. which contain models for
the examples of this module, available for download for various system dynamics
tools.

Frorociustion

Imagine being a college student in New York City and being told not to leave the
city. That's what happesed in 2003 in Beijing, when thousands of people were or-
dercd to stay home and college students were (old to stay in Beijing. Quarantine
procedures were instituted (or those who were thought to have bad “intimate con-
taet” with others who showed signs of a new rapidly spreading respiratory disease.
More than 40 had died in the capital, and thousands of people in China were display-
ing symptoms of this pnewmonia. Imagine the feelings of fear and panic that Beijing
residents must have had—people in masks, disinfecting their homes, and hoarding
ol food and other necessities.

This new disease was called SARS. severe acute respiratory syndrome, with
the first case occurring on November 16, 2002, in southern China. Chincse health
officials reported the outbreak to the World Heaith Organization (WHO) on Tebru-
ary 11, 2003. By April 2, the total reported cases of SARS were 2000; and by July,
(he count was over 8400 with more than 800 dead. In respense to the initial report,
WHO coordinated the investigation into the cause and implemented procedures to
control the spread of this discase. The control measures were extremely effective,
and the last new case was reported on June 12, 2003 (WHO).

By the third week in March several laboratorics worldwide had identified the
probable causative agent—SARS-CoV, the SARS coronavirus, Coronaviruses repre-
sent a large group of +-stranded RNA-containing viruses associated with various
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respiratory and gastrointestinal illnesses. Although the human diseases associated
with these viruses have been mild previously, this coronavirus is quile different.
Like many respiratory pathogens. SARS is spread by close personal contact and
perhaps by airborne transmission.

The Centers for Disease Control and Prevention (CDC) in the Uniled States uscs
clinical epidemiological and laboratory criteria (o diagnose SARS. Severe cases cx-
hibit a fever higher than 38 °C and one or more respiratory symptoms—ditficulty
breathing, cough, or shortness of breath. Additionally, the person must show radio-
graphic evidence (lung infiltrates) ol pneumonki. or respiratory distress qvndromc
(RDS). RDS 1s an inflammaltory disease of the lung, characterized by a sudden onset””
of edema and respiratory failurc. A few others qualified if they exhibited an unex-
plained respiratory iliness that resulted in death and an autopsy confirmed RDS with
no identifiable cause. Epidemiologicat evidence might include close contact with o
known SARS patient or travel to a region with documented transmission within 10
days of onsel of symptoms. Today, laboratory tests confirm SARS if they reveal one
of the following (CDC):

» Antibody to SARS virus in specimens obtained during acute iliness or more
than 28 days after onset of illness

* SARS viral RNA detected by RT-PCR

= SARS virus

On July 3. 2003, the World Health Organization declared that SARS had been
contained. The outbreak resulted in 812 deaths, but the toll might have been much
higher il WHO and other heaith agencies had not acted so quickly and effectively
(WHO), Besides the direct effect on the victims and their families, SARS became a
major drag on the cconomies of China. Taiwan, and Canada. Hong Kong’s unem-
ployment rate climbed to an unprecedented 8.3%, and travel warnings for Toronto
cost Canada an estimated $30 million per day. One can only imagine the impact of
this disease being spread into Africa, where there are poor healthcare systems and
the astronomical HIV infection rates generate immunologically compromised
populations.

SARS is an interesting disease for modeling, particularly because there 1s so
much epidemiological information, We still have much to learn about SARS, and we
still have no available, effective treatment.

SIR Modiel

Before developing a model for the spread of SARS, we consider the simpler situa-
tion of a disease in a closed environment in which there are no births, deaths, immi-
gration, or emigration. A 1978 British Medical Journal article reported on such a
situation—inflluenza at a boys’ boarding school. On January 22, only one boy had
the flu, which none of the other boys had ever had. By the end of the eptdemic on
February 4, 512 of the 763 boys in the school had contracted the disease (Murray
1989; NCSLIP).

To model this spread of influenza, we employ the SIR Medel, which W. O. Ker-

mack and A, G. McKendrick developed in 1927 (Kermack and McKendrick 1927).
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Many systems models of the spread of disease, including the SARS model later in
this module. are extensions of the SIR Model. The name derives from the lollowing
three populations considered:

Susceptibles (S) have no immunity from the disease.

Infecteds (I} have the disease and can spread it to others,

Recovereds (R) have recovered trom the discase and are immune to further in-
fection.

The model gives the dilterential equation for the rate of change for cach of these
populations, We assume that after a certain amount of time, un individual with the
fu recovers. Thus, the rate of change of the number of recovereds is proportional to
the number of infecteds.

Quick Review Question 1

With the constant of proportionality being the recovery rale (@), give the dilferential
equation for the rate of change of the number of recovereds.

As the answer (o Quick Review Question | states, the differential equation for the
raie of change of the number of recovereds is dR/dr = al for recovery rate a. If the
time unil s in days and  is the number of days that someone remains infected, we can
consider ¢ o be Hd. For exampile, if a boy is usually sick with the flu for 2 days, then
d =72 and a = {.5/day. so that approximately half the infected boys get well in a day.

A susceptible boy at the boarding school becomes infected with influenza by hav-
ing contact with an infected boy. The number of such possible contacts is the prod-
uct of the sizes of the two populations. S7. For example, suppose the sel of suscepti-
bles is S = {Joe, Lee. Orlando} and the sel of infecteds is / = {Hondre. Leslee}. As
Fioure 4.3.1 illustrates, (3)(2) = 6 possible interactions cxist between pairs of boys in
different scts. The virus in Hondre can spread through contact to Joe, Lee, and Or-
lando. Similarly. Joc can become infected with the virus from Hondre or Leslee.
With no new students entering the school, the number of susceptibles can only de-
crease. and the rate of change of the number of boys in this set is directly propor-
tional to the number of possible contacts. S7, between susceptibles and infecteds.

Joe

7 Hondre
fec ;&

Lestee
Orlando

Figure 4.3.1  Possible contacts between S and /
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Quick Review Question 2

a. [s the rate of change of § positive, zero. or negative?
b, With r> O being the constant of proportionality. give a ditferential equation
for the rate of change of S.

In Module 4.1. “Competition,” because of interactions, we modeled competitors’
death rates of change using the same proportionalily (o a product of population sizes.
Similarly, in Module 4.2, “Predator-Prey Models.” considering contacls between
predators and prey, we modeled predator births and prey deaths using the same typc
of product, Thus, three very different applications employ the same model for rates
of change where interaction occurs—the product of 4 constant and the two interact-
ing population sizes.

As the answers to Quick Review Question 2 reveal, because of the interaction ol
susceptibles and infecteds in spreading the discase, we employ this model for the
rate of change of susceptibles with respect to time: ¢S/df = —rS! for positive constant
of proportionality ». The constant r, called the transmission constant, reflects the
extent and the infectiousness of the disease and the interactions among the students,
In the case of the boys® school, we use 0.00218 per day. Thus, 0.00218 = 0.218% of
the total number of possible contacts, SZ. results in the disease being spread from one
child to anaother,

Notice how small the transmission constant (0.002 [8/day) is in comparison (o the
recovery rate {0.5/day). Also, recall in interactions for compelition and predator-
prey. where a rale-of-change model involves a product of populations. the constant
of proportionality is small in comparison to constants multiplied by only one popula-
tion. Breaking down dS/dr another way helps to explain why the constant of propor-
tionality, here r = 0.00218 per day, is so small. For a sick child to pass the disease to
someone else, the sick boy must come in contact with someone else, that person
must be susceptible, and the interaction must result in the spread of the discase.
Thus. the rate of change of § with respect to time (d5/dr) is minus the product of the
mean number of contacts per day an infected has (%), the probabitity such o contact
is with a susceptible, the probability that the disease is spread during such a contact
(), and the number of infecteds. Moreover. if ¥ is the total population size (here
763) and the group is well mixed, then for an infected, the probability of that contact
he has is with a susceptible is S/N, and the rate of change of S is as follows:

dS/elt = -k(S/NYbI = -(kb/N}YST = —rS1

Thus, the transmission constant = is (Xb/N}. For example. suppose on the average an
infected child has 33.3 contacts per day and the probability that a contact results in
the spread of the discuse is 5% = 0.05. Then, for ¥ = 763. the transmission constant
is 1= (kb/Ny = 0.00218,
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Note that this transmission constant, here 0.00218/day. is not the rate of infection.
Suppose a report 1o the school's principal after all are well states that 80% of the
hoys had had the flu. The 80% is of the total population of N =763 hoys. not of the
number of possible interactions. SI. Moreover, 80% ol the susceptible boys do not
become sick in one day. If flu lasted in the school Yor 3 weeks, as the following
shows, on the average 3.81% of the boys get sick in | day:

0.80 _ fweek 0.0381 3.81%

Y -
3weeks  Tdays day day

We must be careful to be consistent in units, such as not mixing days and weeks. and
ro understand of what we are tnking a percentage, such as of S/ instead of S or N,

Returning to our model. only susceptibles become infected. und infecteds eventu-
ally recover, What f gains comes from whal § has lost: and what T loses, R acquires.
Thus, the differential equation for the rate of change of the number of infecteds is the
sum of (e negatives of the other two rales of change:

et = - dStdt - d R

Quick Review Question 3

Give the differential equation for the rate ol change of the number of infecleds in
terms of S, 7, R, the transmission constant (/). and the recovery rate (a).

Figure 4.3.2 presents a diagram for the SIR model with susceptibles, infecreds,
and recovereds replacing the symbols S, 1, and R, respectively. and with rransnis-
sion_constant and recovery_rate representing the constants of proportionality r and
a, vespectively. Some ol the corresponding equations and constants for a particular
simulation appear in Equation Set 4.3, 1.

Equation Set 4.3.1

With basic unit of time of | day. some equations and constants lor SIR model in
Figure 4.3.2

susceptibles(()y = 762
rransiission_constant = 0.002 18

susceptibles infecteds recovereds
get sick (ecover
e ¥ ;;..(

ransmission rate recovery rate

Figure 3.2 Diagram for the SIR model
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get_sick = rransmission_constant * susceptibles * infecteds
infecreds(0) = |

recovery_rate = 0.5

recover = recoverv_rate * infecteds

recovereds(0y =10

The graphs of the three populations that result from running the simulation are in
Figure 4.3.3. The number of susceptibles decreases slowly at first before experietic-
ing a rapid decline and subsequent leveling. In contrast, the number of recovereds,
which is initially O, has a graph that appears similar to the logistic curve. When the
number of suscepribles decreases sharply. the infecteds increase to their maximum,
Afterwards, as the number of infecteds decreases, the number ol recovereds rises.
Although not mimicking the final numbers exactly, this model does capture the trend
of the data along with the epidemic increase and decrease and the progress towards a
steady state. -

population

z . T
35 70 10.5 4.0

Figure 4.3.3  Graphs of suscepribles (S). infecteds (1), and recovereds (R) versus time (£} in
clays

Quick Review Question 4

Answer the following questions referring Lo Figure 4.3.3.

a. On what day was the number of cases the largest?
b. On what day were most of the boys sick or recovered?
c. On what day were most of the boys recovered?

SARS Model

Marc Lipsitch in collaboration with others developed a model lor the spread of se-
vere acute respiratory syndrome (SARS) and used the model to make predictions
on the impact of public health efforts to reduce disease transmission (Lipsitch et al.
2003). Such ciforts included guarantine of exposed individuals to separate them
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from the susceptible population. perhaps by confinement to their homes. and isola-
tion of those who had SARS to remove them to strictly supervised hospital arcas with
no centacts other than by healthcare personnel. The Lipsitch model s an extension of
the SEIR model. which is a refinement of the SIR modet. Besides the populations
considered by SIR, the SEIR Model (susceptible-exposeds-infecteds-recovereds)
has an intermediate exposed (E) population of individuals who have the disease but
are not yet infectious. The Lipsitch model modifies SEIR fo allow for guarantine,
isolation, and death. The modelers make ihe following simplifying assumptions:

There are no births.

The only deaths are because ol SARS.

The number of conlacts of an infected individual with a susceptible person Is

constant and does not depend on the population density.

4. For susceptible individuals with exposure o the disease, the quarantine pro-
portion (¢) is the sume for non-inlected as for infected people.

5. Quarantine and isolation arc complelely effective. Someone in quarantine or

isolation cannot spread disease or, in the case of a susceptible, cannot caich

the disease.

el e

The populations considered arc as follows:

susceptible (8) do nat have but can catch SARS trom infectious individuals.

susceptible_quaraniined (S,) do not have SARS, quarantined because of expo-
sure, s0 cannot catch SARS.

exposed (£) have SARS, no symptoms. not yet infectious.

exposed_qguaraniined {Ey) have SARS. no symploms, nol yel infectious. quaran-
tined because of exposure.

infectious_tndetected (1) have undetected SARS, infectious.

infections_guarantined (I,) have SARS, infectious, quarantined. cannot
transmit.

infectious_isolated (1) have SARS, infectious, isolated. cannot transmit.

SARS death (D) are dead due to SARS.

recovered _inmmune have recovered from SARS. immune to further infection,

Because we are assuming that quarantine is completely effective, only someone in
the susceprible (S) category can catch SARS. and transmission (o a susceplible can
oceur only through exposure to an individual in the infectious_undetected (1) cate-
oory. Those wilh SARS in other categories are under quaranting or isolation or are
not yet infectious,

Quick Review Question 5

After completing this question and before continuing in the tex{, we suggest that you
make a diagram with stocks (box variables) and flows only to represent possible
ransitions between categorics. For each of the following, give the possible
category(ies):

a. Flows oul of § into what culegories?

b. Flows into S from what calegories?
¢. Flows into D from what categories?
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Without inclusion of converters and conneclors, Figure 4.3.4 displays a diagram
with the stocks that represent these populations along with the ffows between them.
As illustrated. a susceptible individual who has had contact with someone having
SARS and has moved from Lhe susceptible group can be quarantined with or withoul
(he disease (to exposed_guarantined or susceptible_quarantined, respectively) or can
be infected and not quarantined (to exposed). A susceptible, quarantined person who
does not have SARS (in s:fsc'e;)r."bfe_quarmm'..':ed) eventually is released {rom quaran-
tine (to susceptible). An exposed but not yel infectious individual who does have
SARS. whether quarantined or not (in exposed_gquarantined or exposed. respec-
tively), eventually becomes inlectious (o frq/'e.t'.f.fnu.s',quar(mffned or infections_unde-
tected., respectively). Regardless of quaraniine status, an infectious individunl can re-
cover (to recovered _fmmiune), gomto isolation after discovery {10 fnfecrr’oi.fs_.r'.s'r)fared),
or die (to SARS_deatit). Isotated patients who are sick with SARS can recover or dic.

Quick Review Question 6

Using this model, indicate if each of the following situations is possible or not:

a. A susceptible person dies of SARS.

h. A person who has undetected SARS in the early stages recovers without ever
becoming infectious.

¢. Someone in quarantine diagnosed with SARS recovers without going into
isolation.

d. Someone who has recovered [rom SARS becomes infected with the disease
again.

e. Someone is transferred from isolation to quarantine.

The mode! employs the following parameters:

h  probabilily that a contact between person in infections_undetected (1) and
someone in sisceptible (S) results in transmission of SARS

L mean number of contacts per day someone from ir@fefr:'rms_:mdaredm’ (i)
has. By assumption, the value does nol depend on population densily.

m  per capita death vate

N, initial number of people in the population

p  {raction per duy of exposed people who become infectious; this fraction ap-
plies to the transitions from exposed (£) 1© infections_undetected (1)) and
from e_r,r;'o.wa’,quammi;n:»rd (L) 10 in_;‘éczinu.\'_q:mranrined (o). Thus, Hpis
the number ol days in the carly stages of SARS for a person 1o be infected
but not infectious.

g fraction per day of individuals in susceptible (S) who have had exposure to
SARS that go into quarantine, either to category susceptible_guarantined
(Sp)orto exposed_guarantined ( Eg)

u  fraction per day of those in susceptible_quarantined (Sy) who are atlowed
1o leave quarantine, returning to the susceptible (S) category; thus, /it is the
number of days for a susceptible person to be in quarantine.

Y per capita recovery raie; this rate is the same for the transition from cate-
gory infectious_undetecied (), infections_isolated {I,), or infections _
guarantined ({5) 1o category recovered_inmmuiie.
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w  fraction per day of those in infections_undetected (1) who are detected and
isclated and thus transferred to category fnfections_isolated (1)

N susceptible
susceplible el quarantined
- quar to sus
I sus to quar
sus Lo eXpos O
I exposed
<7 quarantined
exposed @ S
sus o

CXPOs guar

expos quar Lo inf quar()

infectious quarantined gy

expos to undet

infectious undetecled

i:]i’ﬂ_tg' to 150 I

N

undet 10 150 () guar to death ()

4 iso Lo death \74

infectious isolated

00

undet 1o death SARS death

1$0 Lo Immune

undet o Im inf guar to rec

recovered immune

Figure 4.3.4  Initial diagram of relutionships for SARS
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Quick Review Question 7

a. Suppose it takes an average of 5 days for someone who has SARS but is not
infectious to progress to the infectious stage. Give the value of p along with
its units.

h. Give the formula for the rate of change of exposed individuals who are not
quarantined to move into the phase of being infectious and undetected, from
Eto .

¢. Give the formuta for the rate of change of exposed individuals who are quat-
antined (0 move into the phase of being infectious and quarantined, from £,
to /. '

d. Suppose 109 of the people who have been in quarantine but who do not have
SARS are allowed to leave quarantine each day. Give ¢ and the average
number of days Tor a susceptible person to be in quarantine.

e. Suppose the duration of quarantine is 16 days. I someone has not developed
symptoms of SARS during that time peried, he or she may leave quarantine.
Give the corresponding parameter and its value.

f. Give the formula for the raie of change of susceptible, quarantined individu-
als leaving gquarantine, from 5, to 8. '

As iHustrated in Figure 4.3.4. three paths exist for someone to leave infections_
undetected (F)~—to recovered_immune al a rate of v, 0 SARS_death at a rate of m.
or 1o infections_isolated (fp) al a vate of w. Thus, the total rate ot change (o leave
infectious_undetected (1)) is (v + m + w)fday. For example, if v = 0.04, m = 0.0973,
and w = 0.0625, v + m + w = 0.2/day. In this case, /(v + m + w) =5 day is the aver-
age duration of infectiousness.

By assumption, & is the number of contacts an undetected infectious person has,
regardiess of population density. Thus, with N, being the initial population size, &/N,
is the- [raction per day of such contacts. Because b is the probability of transmitting
the disease, the product (A/Ny)b is the transmission constant. As in the SIR model.
the product 7,5 gives the total number of possible interactions. Thus. (k/Ny)b
IS = kbl 81 Ny is the number of new cases of SARS each day. Of these new cases, a
fraction (g) go into category exposed_guarantined (Ep), while the remainder, the
fraction (1 — ¢), go into exposed (E). '

Quick Review Question 8

a. Suppose k= 10 contacts/day, and N, = 10.000,000 people. Give the percent-
age of contacts per day.

b. Suppose 6% of contacts between an infectious and a susceplible person re~
suit in transmission of the diseasc. Give the corresponding parameter, its
value, and units, .

¢. Using your answers to Parts a and b, what percentage of all possible contacts
results in transmission of SARS each day?

d. If the sizes of infectious_undetected (I, and susceptible (8) are 5000 and
0,000,000, respectively, give the total number of possible contacts.
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e. Using your answers to Parts ¢ and d, give the number of contacts per day that
resultin transmission of SARS.

f. Suppose ¢ = 0.1 = 10% of the individuals who have had contact with an in-
fectious person go into quarantine. Give the number of those from Part e who
gointo t}.\pé).&'ed_qr-.*amnn'n_ed. (Ep).

8. Give the formula for the rate of change from susceptible (S) 1o exposed._
quarantined ( Ey).

h. Assuming ¢ = 0.1, give the number of those from Part e who 20 into exposed
(£).

L Give the formuia for the rate of change from susceptinle ($) 1o exposed (£},

For those transferring from susceptible {(8) 10 s eptible_quarantined ( Sy, al-
though (hey have been exposed to an infectious person. the discuse Wwas not transmit-
ted to them. The fraction of total possible contacts, 7,.5, is {kINy), and the probability
of nontransmittal is {1 — b). Thus. the total number of nontransmission contacts s
(AN = DWLS = K1 —~ O) SNy However, only a fraction (g) of those 80 o
quarantine. Thus. the rate of chuange of those going from susceprible (8 to SHSCEPH-
ble_guarantined (Sp) is gh(1 - DS TN,

Quick Review Question 9

Using the values from Quick Review Question §, determine the rate of change of
those going from suscepiible (S) to stsceptible_qguarantined (S,,).

Reproductive Number

Several exercises deal with the differential equations for this SARS model, and 3
project completes the model, In this model, an important value in evuluating the ¢f-
fectiveness of quarantine and isolation is the reproductive number R, which is the
expected number of secondary infectious cases resulling from an average infectious
case once the epidemic iy in progress. The basic¢ reproductive number, R, is the
initiaf reproductive number with one infectious individual and ail others being sus-
ceptible. For example, if at the start of a disease in an area the infectious individual
transinits SARS to a mean of three other people who eventually become infectious,
then the basic repraductive number is Ry = 3. Such a number results in the alarming
prospect of exponential growth of the disease. On the average. one person transmits
infectiousness to three other people, who each cause three other people to become
infectious, and so forth. In such a siluation, at stage 7 of transmission, 3 new people
would eventually become infectious, Forexample, al siage 1 = 13, 31 o more thun
L5 million, new people. would getsick. Because of such exponential growth, it very
important that R be less than 1. With R < I, there is no epidemic. For R > . there 18
an epidemic, The larger the reproductive mumber, the more virulent the epidemic,
For this SARS model, on the. average, an undetecled infectious person has & con-
tacts per day. At the heginning of the disease wilh all individuals except one being
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'number Rt, is the e _ctcd numbe ol secOnchry mfecL:ous caqes '
o '_'IL,Sultmc- from ohe mfeclzous individuatin a. completdy susceptp
-_ble po;)uldtion o

susceptible. cach such contact can result in the discase spreading. Thus, with a prob-
ability b of transmission, approximately kb secondary cases of SA RS per day derive
from Lhe first infections individual. Thus, for mean discase duration ol D days, the
basic reproductive number, R,. is £bD. Because the average duration of infec-
iousness is 1/(v+ m +w) da (see explanation after Quick Review Question 7},
without quarantine being a Faclor, one infectious person eventually gives rise to
R, = kb/(v + m + w) secondary infectious cases of SARS. However, when a fraction,
¢. €0 into quarantine so that a fraction (1 - g) do nol. the reproductive number is
R, = LU (1—q). The larger g is, the smaller Ry is, and the less severe the im-
VA R W
pact of the disease is.

basic reproductive siumber is as follows:

Quick Review Question 10

Evaluate the basic reproduction number. Ry, using the values of Quick Review
Question 8 and text material: k= [0 contacts/dn, b =0.06, v = 0.04, m = 0.0975,
w = 0.0625, and g = 0.1.

Examining R,, the death rate, and other factors, WHO and other health organiza-
tions realized that they must act quickly with bold measures involving quarantine
and isolation to avoid a major, worklwide epidemic of SARS. Computer simulations
with scenario analyses verified the seriousness of the disease. Thanks to aggressive
actions. a terrible catastrophe was averted. '

Exearcisas

1. Wrile the system of differential cquations {or the SIR model using a trans-
mission constant of 0.0038 and u recovery rate of .04



System Dynamics Models with Inferactions 143

Inn the SARS model, give the differential equation for each rate of change in
Exercises 210,
2. dSylde 3. dEld 4. dEqldi 5. dS/dr 6. dl, /dr
7. dig, fdt 8. dlyldt 9. direcovered immune)dr 10, 4D/dt
1. u. For basic reproductive number of R, = 3, give the number of new people
that will eventually become infectious at stage n = 10 of transmission of
the diseuse.
b. Give the total number of people who will eventuaily become infectious,
¢. Repeat Part a forn = 15.
d. Repeat Part b forn = 15.

Frojects

For additional projects, see Module 7.11, " Fueling Our Cells—Carbofivdrate Me-
iabolism ™ Module 7.14, “Control Issues: The Operon Model”; and Moduie 7.15,
“Troubling Sienats: Colon Cancer.”

1. Adjust the SIR modct to allow for vaccination of susceptible boys. Assume
that 15% are vaccinated each day, and make a simplifying assumption that
immunization begins immediately. Discuss the elfect on the duration and
intensity of the epidemic, Consider the impact of other vaceination rates.

. 2. Adjust the SIR model to allow for vaccination of susceptible boys. Assume

ok that 15% are vaccinated each day and that immunization begins after 3 days.
Discuss the effect on the duration and intensity of the epidemic. Consider the

impact of other vaccination rates.

3, Adjust the SIR model to allow for vaccinalion of susceptible boys. Assume
that all children are vaccinated 2 days before a boy comes down with the flu
and that immunization begins after 4 days. Discuss the effect on the duration
and intensity ol the epidemic. Consider the impact of other vaceination rates.
Develop an SEIR maodel of disease,

. Complete the Lipsitch SARS model introduced in the text. Have the model
evaluate R. Produce graphs and a table of appropriate populations, including
suseeptible, recovered _immune, SARS_death, and the total of the five cate-
gories of infecteds. Bmploy the following parameters: k = 10/day; b = 0.06;
Iip=35 days; v=0.04, 12 =0.0975, and w =0.0625, so that v+m+iv=
0.2/day and /(v + 2 4+ ) =5 days: Vi = 10 days: N, = 10,000,000 people.
Vary ¢ {rom 0 upward. Note that in cach case, the graph of the number of
susceptibles appears logistic and the solution eventualty reaches equilibrium.,
Describe the shapes of the graphs and discuss the results.

6. After developing the model of Project 5, with a fixed value of g, test other

ranges of & from 35 to 20 per day. Discuss the resuits,

7. After developing the model of Project 5. with a fixed value of ¢, test other
ranges of [/(y 4+ +w) from 1 to 5 days.

8. Adjust the model of Project 5 so that the simulation is allowed to run for a
while before quarantine and isolation measures that reduce R to below | are
instituted. Discuss the implications on the number of people quarantined and
on the health care system of not taking aggressive measures initially.

f_f;:[,..
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9.

10.

11.

12.

13.
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Complete the Lipsitch SARS model introduced in the text. Run the simula-
tion for various values of R,. Produce graphs and a table of appropriate
populations, including suscepiible, recovered_inmmuie, SARS _death. and
the total of the five categories of infecteds. Describe the shilt ol the steady
state as R, becomes larger, and discuss the implications.

Develop a model of strep throat. Bacterium Group A Streprococcits Causes
strep throat, which occurs most frequently in school-aged children. The bac-
terium spreads through direct or airborne contact with the mucus from an
infected person. Symptoms start from 1 to 5 days after exposure and include
faver. sore throat, and tender and swollen neck giands, If untreated. people
with strep throat are infectious for 10 10 21 days. Usually. 24 h after antibi-
otic treatment, those who are ill are no longer contagious. The spread of
strep throat can be minimized by infectious people covering their mouths
when sncezing or coughing and by washing their hands frequently (IDEHA).
Devetop a madel of the viral infection mumps. Symptoms include painful
and swollen salivary glands, painful swatlowing. fever, weakness, fatiguc,
and a tender, swollen testicle. lnfection is spread through breathing of in-
fected saliva droplets. About one-thivd of those with mumps experience no
symptoms. If present, symptoms usually start 2 to 3 wecks after infection.
The person is contagious fram approximately 1 day before salivary gland
swelling occurs and remains contagious for at leust anather 3 days. As the
swelling diminishes, so does the degree of the contagion. Before licensing
of the mumps vaceine in 1967, the United States had more than 200,000
cases per year. Since then, the country has had fewer than 1000 cases per
year (Mayo Clinic Staff 2012). )

Diphtheria has been virtually eradicated in the United States because of a
vaccine, which was introduced in the 1920s. Betore that time, the United
States liad 100 to 200 cases per 100,000 people. The disease is still a prob-
lem in developing countries. Two types of diphtheria exist, respiratory and
cutaneous. The former is more serious, and death results in about 10% of
those cases. The disease is spread through respiratory droplets and from
contaminated objects or food. The incubation period for the disease is usu-
ally 2 to 5 days. Develop & model for respiralory diphtheria (NCBI).
Using data and mathematical models implemented in spreadsheels. the
Dutch Ministry of Health, Welfare and Sports developed “a national plan to
minimize cffects of pandemic influenza.” Through scenario analysis, scien-
tists examined various intervention options and estimated the number of

“hospitatizations and deaths. In the base case. in which no intervention was

possible. they assumed 30% of the population would become ill with influ-
enza. In the Influenza Vaccination Scenario, they considered two strategics:

1. Vaceinate two risk groups, persons 65 years of age or older (¥ =2.78
million (M)) and healthcare workers (N = .30 M
2. Vaccinate the total population (N = 15.6 M)

They assumed the vaccine to be 56% effective in preventing hospitaliza-
tions and deaths for the older at-risk group and 80% effective for those
younger than G5. Develop a model for the first strategy. Wilh no interven-
tion, assume a hospitalization rate (per 100,000} for influenza and influ-
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enza-related illnesses of 125 (per 100,000 for persons 65 years of age or
older and a rate (per 100.000) of 50 for the younger age group: and assume
death rates (per 100,000} of 56 and 15, respectively, for the two age groups.
(In the actual study, scientists considered three age groups and a more in-
volved set of input variables; van Genugten et al, 2003)

Develop a model for the second strategy in Project 13,

Develop models Tor the two strategies in Project 13, discuss the results, and
make recommendations.

Adjust a SIR mode] to have seasonad changes in infectiousness by having a
periodic function for a transmission coelficient {see Project 1 in Module
4.2, “Predator-Prey Model™). Discuss the results.

Repeat Project 16 for a SEIR model.

Obtain informalion and data about another infectious disease, where the
disease spreads {rom one individual to another, Model at least one aspect
of the spread of the disease, starting with one infected individual in a par-
ticular area. Run the model for varfous scenarios, produce graphs and ta-
bles, and discuss the results. The following are some suggested diseases:
pinkeye in cattle (see “Introduction”™ in Module 11.2, “Agents of Interac-
tion: Steering a Dangerous Course™). rotavirus, pertussis, meningitis, bac-
terial/viral pneumonia. cold (rhinovirus), tuberculosis, various STD s, im-
petigo, herpes {cold sores).

Quick Review Questions

dRidt = al

negative while people are getting sick hecause the number of susceptibles
decreasing
dStdt = —r81

3. dfidt = ST - al

4, a,
i3

h.
c.
d.
e,
f.

duay 7

day 6

day 8

EE. S,

So

Te o Iy

no

no

yes

no

no

0.2/day

pE

Py

0.1/day, 10 days
1= 1/16 per day = 0.0625/day
1S,
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8. a. KN, = 10/10.000,000 = 0.000001 = 0.0001%/day
b. b = 0.06/day
e. (0.000001)(0.06) = 0.000000006 = 0.000006%/day
d. (5000}(9.000,000) = 45.000,000.000
e. (0.00000006)(45,000,000,000) = 2700
. (0.1)(27G0) = 270 peopie
g gkbl SN,
L (1 =0.1)}2700) = (0.9%2700) = 2430 people; or 2700 — 270 = 2430 people
i. (1 =gkl S/N,
9. gk(1 — 5),.STN, = 0.1)(10) ] = 0.06)(5000)(9.000.000)/(10,000,000) = 4230
people
10, Ry=(1 — kDI + m +w) = (1 — 0.1 10)(0.06)/(0.04 + 0.0975 + 0.0625) =
2.7
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