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Modeling SARS Transmission Dynamics and Control Efforts

Cao Wuchun'
Beijing Institute of Microbiology and Epidemiology

In this talk, previous modeling work and different approaches to analyzing SARS data
will be briefly reviewed, then open problems highlighted, and the types of data as well
as analytic methods discussed.

To understand the transmission dynamics, the following key parameters should be
considered. The first is the effective or net reproduction number, R,, which is defined
as the mean number of secondary cases generated by an infectious case once the
epidemic is underway. If R, >1 the incidence will tend to increase with time, and if R,
<1 it will tend to decrease. The second parameter is the mean serial interval, S,
defined as the time from the onset of symptoms in an index case to the onset of
symptoms in a subsequent case infected by the index case. Together with R, this
determines the rate at which the epidemic spreads. The third parameter is the
incubation period, the interval between infection and the onset of symptoms. The
incubation period is important for determining the quarantine period. In general we
need to estimate not only the means of these parameters, but also their distributions.

Data Used and Methods of Analysis from Previous Studies

Contact tracing data were usually used to estimate serial intervals and incubation
periods (when cases are infected by known sources at known times, this is
straightforward). Unlike R, and S, the incubation period will not change during the
course of the epidemic unless the characteristics of the infected population or virus
itself change. Estimating R, is a more difficult task, and the two first modeling
papers (Lipsitch et al. 2003, Riley et al. 2003) using data from Singapore and Hong
Kong adopted contrasting approaches, determined in large part by the data available.
Riley et al. fitted a stochastic compartmental model to data on SARS hospital
admissions using an approximate likelihood method. Their model included spatial
effects but ignored super spreading events and heterogeneity in the number of
secondary cases caused by each primary case. Lipsitch et al. used a similar
compartmental model, but estimated R, by fitting the predicted cumulative number of
cases after various time points to observed data. This was done first deterministically,
and then stochastically, using a Bayesian approach that accounted for variation in

1. In collaboration with Feng Dan, Han Xiaona and, Fang Liqun

125



serial intervals and heterogeneity in the number of secondary cases caused by each
primary case. This approach therefore ignored spatial effects, but accounted for super
spreading events and other important heterogeneities.

Subsequent to this work Wallinga & Teunis (2004) presented an entirely novel
approach to estimating R, using only dates of symptom onset. The method, which
represents a major methodological advance, uses a likelihood-based estimation
procedure to infer who-infected-whom without requiring detailed contact tracing data
or strong assumptions about the rate of growth of the epidemic. The approach was
used to estimate the impact of control measures on reducing R, in Hong Kong,
Vietnam, Singapore and Canada.

A number of other SARS modeling papers have been published. A model by
Lloyd-Smith ez al. (2003) emphasized the importance of hospital-transmission, but
did not attempt to obtain estimates of relative transmission rates in the hospital and
community. Chowell et a/.(2003) used a similar deterministic approach to the first
method used by Lipsitch er al. to estimate R, but did not attempt to quantify

uncertainty in parameter estimates.

Other modeling work has addressed the international spread of SARS (Hufnagel et al.,
2004), and demonstrated that air traffic volumes between countries are able to explain
much of the international variation in numbers of SARS cases. Recently, more
sophisticated statistical tools have been used to provide improved estimates of the
distribution of incubation periods using full contact tracing and time of onset data
(Kuk & Ma, 2005). Bayesian modeling methods have also been used to estimate
incubation periods and relative transmission rates in hospitals and the community
using Chinese data from Shanxi province giving times of onset, hospitalization and
limited data on contacts with symptomatic SARS cases (McBryde et al., 2005). Such
an approach represents one of the most promising methods for providing a full
analysis of SARS data where incomplete or ambiguous exposure data are available
and times of onset and hospitalization are known.

Summary of Results

The distribution of serial interval, S, was described well by a Weibull distribution with
a mean value of about eight days (Lipsitch). There was, however, wide variation
(between one and 20 days). S tended to decrease as the epidemic came under control
and time to effective isolation decreased.

Mean incubation periods were estimated to be about five or six days (Donnelly 2003,
McBryde 2005), though there were non-negligible probabilities that for some people
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it exceeded 15 days in Hong Kong (Donnelly) and 20 days in Shanxi province
(McBryde).

Remarkably similar estimates for R, (initially about three, before the more effective
control measures were in place) were obtained by the different methods and by the
same methods in different locations. Control measures also appeared to be similarly
effective at reducing R, to below one in different countries (Wallinga).

Analysis of the Shanxi province data (McBryde) indicated that the rate SARS was
initially transmitted in hospitals was three times higher than in the community, though
once effective control measures were in place hospital transmissibility became almost
negligible while community transmissibility fell by only about a half.

Conclusions

Mathematical models and new statistical techniques to fit these models to data have
taught us a great deal about SARS transmission dynamics and control efforts, and
provide valuable information to inform control policies. Nonetheless, there remain
some important gaps in our knowledge. There is a need for a more detailed
understanding of the relative roles of hospital and community transmission and the
relative effectiveness of different control measures in each setting. It would be useful
to assess the importance of household transmission in community spread. It would be
useful to estimate how transmissibility varies during the course of infection, and to
see how well this correlates with viral shedding data. To address these questions
detailed data giving times of onset, hospitalization, isolation and quarantine, and type,
timing, location and duration of exposures (ideally, even amongst those not acquiring
SARS) would be of great value.
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Epidemic Modeling and it’s Applications in Emerging Infectious
Diseases and Bioterrorism in Korea

Byung Chul Chun
Medical College, Korea University

Introduction

Modeling of epidemics has a long history in the field of the epidemiology of
infectious diseases. It has been developed since 19th century and has been used to
make decisions to control many infectious diseases like malaria, AIDS, measles,
SARS, and influenza; to estimate vaccine efficacy; and to develop prevention
strategies to reduce the impact of bioterrorism. A deterministic model developed in
1928 by Reed and Frost in Johns-Hopkins University is a kind of classical epidemic
modeling. The Reed-Frost model is a simple model having been based on the
assumption that all susceptible persons would be infected by the same effective

contacts.

Epidemics in a community depend on the natural history of the diseases, socio-
cultural and population characteristics, health policy, climate, and other related factors
such as nourishment. So, there are a lot of the variables which we must take into
consideration in model development. Though simplification is an inevitable
characteristic of any model, they have been very useful to develop policies and to
make decisions for control of many infectious diseases. Modeling is practically
essential to control of infectious disease. The examples can be easily found in
measles, malaria, HIV/AIDS and other sexually transmitted infections, and the recent
epidemic of SARS.

Infectious diseases are a great public health problem in Korea. Gastro-intestinal
infectious diseases like bacillary dysentery or typhoid fever prevail every year by
contaminated foods or drinking water. Annually thousands people suffer from
vector-borne diseases like malaria and tsutugamushi disease. Also we have the same
threat of many emerging infectious diseases and bioterrorism like other advanced

countries.

In this presentation, I will introduce two examples of epidemic modeling and their use,

one for pandemic influenza, and the other for small pox as a bioterrorist agent.
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Pandemic Influenza Modeling and Table-top Exercise

Issues in pandemic influenza modeling. The impact of the next influenza
pandemic is difficult to predict. It is dependent on how virulent the virus is, how
rapidly it spreads from population to population, and the effectiveness of prevention
and response efforts. Despite the uncertainty about the magnitude of the next
pandemic, estimates of the health and economic impact remain important to aid public
health policy decisions and guide pandemic planning for health and emergency
sectors.  Planning ahead in preparation for the influenza pandemic, with its
potentially very high morbidity and mortality rates, is essential for hospital
administrators and public health officials.

The World Health Organization (WHO) has presented guidelines for response plans at
the international and national levels to pandemic influenza, and suggestions about
priority order of pandemic influenza countermeasure due to concrete threats of current
avian influenza in South-east Asia. Avian influenza A (H5N1) virus, first isolated
from humans in 1997 in Hong Kong, is now one of the leading candidates to evoke a
pandemic because it did not prevail among human population before, and is showing
severe clinical symptoms with high mortality rate among affected patients.
Fortunately, transmission between humans seemed to be rare until November 2005.
So far, most cases were sporadic, among those who had intensive contact with ill or
dead chickens. But the world should be prepared for an influenza pandemic because
of the virus’s unique characteristics of continuously changing and its adaptation

ability.

The spread of pandemic influenza occupies most of the first chapter in terms of
response plans of the 21 countries which presented them for posting on the WHO
homepage by November 2005. This information should make it possible to
determine better policies related to response to a potential pandemic than was possible
previously by relying on the number of patients or the number of deaths that occurred.
For example, by modeling the expected number of hospitalized patients/deaths and
their space-time distributions, it is possible determine guidelines for antiviral use,
vaccination strategies, clinical guidelines, and the needs for other health resources.
Also, a numerical estimate of expected ill persons is necessary to develop an
educational strategy of public communication, and other activities which take are

meant to anticipate impending social and economic impacts and reduce social panic.
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Pandemic impact estimation. The estimation of pandemic impact is based on
previous pandemics; we had experienced at least 3 pandemics in 20th century. But
the epidemiological characteristics, the impact of Ist wave, pathogenicity and
virulence of the viruses and the primary victims of population were quite different
from one another (Tablel). It is impossible to calculate the exact number of victims,
because we cannot know the infectivity, pathogenicity and virulence of the coming

virus before a pandemic starts.

Tablel. Previous Pandemics in the 20™ century

1918 Spanish flu 1957 Asian flu  |1968 Hong Kong fly|
Total waves 3 waves )
d Double waves 4 yrs sequential
(peak wave, (2™ wave ,
(1st wave, October) waves
season) September)
Attack Rate 30-40% 25% 25%
Mortality Rate 1-2% 0.37%
Population persons < 65 yrs infant, elderly infant, elderly
affected (W shape) (U shape) (U shape)

Meltzer et al (1999) developed a pandemic impact model now accepted in many
countries. The FluAid and FluSurge programs developed by Melter et al. also are
widely used to predict impacts. The parameters of these models were calculated
from the seasonal influenza epidemics and 1957 Asian flu in the United States.
Using FluAid and FluSurge with Korean population parameters led to similar results

to that of other countries (Table2).

Table2. Estimated impact of pandemic influenza in Korea (2003) by Flu Surge

Nation Attack rate 25% Attack rate 35%
] Outcome . )
(Population) (range by scenario) (range by scenario)
Death 27,527(12,905-48,876) | 38,538(18,067-68,426)
Korea |Hospitalization|151,297(50,371-201,804) [211,816(70,519-282,525)

(48 million) 6,472,006

(4,983,131-9,206,971)

9,060,806

Outpatients*
(6,976,385-12,889,758)
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Modeling for interactive table-top exercise for emerging influenza. The Korea
Centers for Disease Control (KCDC) developed a plan for a national table-top
exercise for emerging infections in 2004. The task-force team included an
epidemiologist, infectious diseases specialists, an interactive game expert, and
officials of KCDC and some other part of government. After many discussions, we
decided on using the “1918 Spanish flu” as a standard target model for the national
table-top exercise. Why 1918 Spanish flu? Maybe the Spanish flu was a disaster
that could be considered exceedingly rare. But we needed to have a model to
determine the influence and spread of virulent emerging influenza in the Korean
population and to grasp the characteristics of such infectious disease’s spread and
impact. Modeling provided a worst case scenario with the objective of actual
training of the public health officials who needed to prepare for emerging infections

and for the prevention and management of new epidemics.

Modeling and scenario development. The required parameters of the epidemic
were set, considering the examples of pandemic that have actually occurred in history,
especially the 1918 pandemic. An influenza pandemic was set as the epidemic
model and the cases of SARS and avian influenza were also referred to. The SEIR
model was used as a basic epidemic model. SEIR is composed of the following four
stages. In determining the time difference that is used in an epidemic model, the
stochastic model was used. The forecasted number of death, hospitalized patients,
ICU patients and artificial respiratory apparatus needed by patients were calculated in

advance on a weekly basis by regions.

The scenarios consisted of the forecast modeling of the pandemic and a specific on-
the-spot exercise scenario. The forecast modeling of the pandemic was a model that
forecasts the number of patients and the number of deaths in case of the pandemic,
which included the forecast modeling method of necessary medical resources and
method of considering the effect of medical treatment and isolation of patients, for
example. For this exercise, the results of pandemic modeling which were used for
on-the-spot exercises in 16 cities and provinces were dealt with. The on-the-spot
exercise scenario was a specific scenario to be used for the exercise and was delivered

to the response team during the exercise.

Organization and role of the table-top exercise team. Some 150 people from 14
government agencies and 16 cities and provinces participated in this exercise.
Participants were divided into disease team, response team, control team and Central

Countermeasures Committee. The disease team, consisted of staff from the Center
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for Disease Control, simulation experts played the role of imposing the situation
where a pandemic has occurred and widely spread and evaluating the response plan
prepared by the response team. The response team, drawn from 16 cities, provinces
and quarantine stations, played the role of preparing and reporting countermeasures
against the outbreak of a pandemic. In every city or province, health officers
covering the relevant city or province, one epidemiology examiner, and one health
officer belonging to participating city, county or district ( a total of three people); and
also in every quarantine station, a quarantine officer participated. For the smooth
progress of the exercise, the 16 cities and provinces were regrouped into four regions
to prevent the possible confusion that might occur from operating too many teams.
The control team, consisted of the personnel from Center for Disease Control who
were dispatched for the smooth progress of the exercise and simulation experts (senior
researchers from the Korea Institute for Defense Analyses), played the role of
building networks between teams, including the proceedings and management of the

exercise.

The Central Countermeasures Committee consisted of the Central Support Group for
Disaster Recovery, Central Working Group for Disease Control and Advisory Board.
The Central Countermeasures Committee played the role of providing opinions on the
questions and requests for medical resources from the response team, evaluating the
response plan prepared by the response team, preparing countermeasures at the central

government level, and relaying them to the response team.

The exercise includes disease team's provision of attack scenario, response team's

preparation of response plan, and the disease team's evaluation of the response plan.

Phases in the pandemic and important examination points. In this exercise, we
set up four phases: 1) the surveillance phase when a patient suspected to have been
infected with the pandemic is known; 2) early response phase when the disease is
spread in some regions; 3) full-scale response phase when the spread of the disease
occurs in many occasions all over the nation; and 4) emergency phase when medical
resources have dried up and a social crisis occurs. In this exercise, only the first

three phases were dealt with.
The exercise included a disease team's provision of an attack scenario, response

team's preparation of a response plan, and the disease team's evaluation of the

response plan.
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Evaluation of countermeasures. The evaluation of countermeasures prepared by
the response team was conducted in two stages. The Central Countermeasures
Committee made the evaluation after the first evaluation by the disease team was
completed. The disease team evaluated the response plan in terms of rapidity,
accuracy, rationality and organizing ability by checking whether the plan contains all
the items suggested in the evaluation chart which had been drawn up beforehand.
The evaluation of the response table using the emergency management exercise
computer program was made by applying appropriateness of hospitalization, isolation,
and medication using antiviral agents as evaluation standards. The disease team
evaluated the countermeasures with two grades; good and poor, and sent the results to
the Central Countermeasures Committee. The Central Countermeasures Committee,
in turn, evaluated the appropriateness of the countermeasures and gave instructions

for the next phase.

Result of the evaluation. Since the participants in each city and province had a
very short time for the exercise, there was a suggestion that they should participate in
future exercises while working at the same time. Also there was some opinion that

cooperation was not satisfactory.

The recognition of current conditions and countermeasures against prevalence was
satisfactory, but the countermeasures by each region and community were not
sufficient, according to the analysis of the response plan. On the other hand, the
evaluation concluded that the effects of the preliminary exercise were valid because

the region that participated in the preliminary exercise got a high score.

The National Security Council (NSC) Secretariat announced that it will take account
of the exercise in developing a national level crisis management model that will be
conducted in the future. Also, it will construct the decision-making system and the
cooperation system among related government agencies to define the role of each
organization. At the same time, it suggested that the Ministry of Health and Welfare
would have to lead other government agencies when the emerging infectious disease
pandemic is prevalent. The Advisory Board said that the exercise was meaningful
because national-level government agencies discussed countermeasures of an
emerging infectious disease pandemic together, which happened for the first time in
Korea. It also suggested that it's necessary to estimate the monitoring the emerging
infectious disease pandemics, to assure cooperation among government medical
agencies, to establish a priority system in giving antiviral agents, and to prepare for

measures to involve the press.
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The Central Working Group for Disease Control suggested the necessity of
establishing a priority system in administering antiviral agents and the standards for
patient diagnosis. As for patient diagnosis of an emerging infectious disease
pandemic, it recommended considering various factors including the capability to
diagnose the patient at the time of prevalence, the scope of diagnosis when the
number of patients has increased, the report of case outbreaks according to the
classification of patients (doubt, presumption, definite diagnosis), and Institute of
Health & Environment's BL-3 utilization methods. Also, it said that the priority
system for anti-viral administration is needed at each step. It said that the strength of
this exercise were the prompt prevention measures and investigation of the cause of
outbreak, prompt isolation and treatment, securing the protective tools and press-
related activities, and organizing the disease control and epidemic investigation team.
There are also several things to introduce. For example, it is necessary to request the
related government agencies to prohibit public congregation, and there was no
reference made to the symptoms of patients (the authorities have to prohibit the use of
some terms such as "mysterious disease"). In addition, the collection of samples
according to the symptoms of patients and disinfection according to the features of
epidemic (for example: disinfection in toilets and kitchens in Cholla-nam-Do is for
preventing waterborne disease) are needed. Also organizing the media team and a
media strategy are needed. The site manager of the Central Support Group for
Disaster Recovery said that establishing a priority system for antiviral agents and
conversion of isolation rooms in university hospitals are needed. However, the
control team concluded that the interaction among the teams were active in spite of

the time limit.

Bioterrorism Modeling and Use

Why small pox? Smallpox is one of the agents of highest concern agents (Category
A) for use as a biological weapon. Category A agents have characteristics of easy
dissemination, high morbidity and mortality, and the ability to cause social disruption.
Smallpox is of concern because of its high mortality (averages 30 percent, but is
significantly higher in unimmunized older adults, infants, and persons with underlying
immune system compromise), person-person transmission, lack of effective treatment,
and lack of immunity among the general population. The primary mode of
transmission of variola is through respiratory droplets. Aerosol transmission occurs
but is uncommon. It maintains infectivity for prolonged periods out of its host, so
contaminated clothing and bedding can be infectious. Secondary attack rates are

estimated at 37-87 percent among unvaccinated contacts. The greatest infectivity
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from rash onset of the diseases occurs between seven and 10 days.

Modeling work was required to develop a smallpox response plan to determine

effective control measure strategies.

Smallpox modeling. Modeling is the simplest explanation consistent with reality to
abstract and simplify real situation and to be more amendable to experimentation or
analysis. In epidemic modeling with a compartment model, the dynamics of
infectiousness at the population level were divided into several compartments. For
example in the SEIR compartment, the population was divided into susceptible,
infected, infectious, and immune. In this model, the numbers can be calculated by

means of differential equations.

Epidemic parameters and assumptions of the model. 1) RO (Basic Reproductive
Number) three to five; 2) average latent period - 11 days; 3) average duration of
infectiousness - 14days ; 4) constant population size (total population=500,000); 5)
life expectancy of population - 70 years, rectangular type population distribution; 6)
homogeneous mixing - all populations are susceptible at first; 7) recovery rate is
constant; 8) fatality rate - 30 percent; 8) initial infectious number - 50 persons 9)
intervention - vaccination/isolation (quarantine); and 10) vaccine efficacy — 90

percent.
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Results.

Figures 1 — a and b: results without intervention and ineffective intervention
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Fig 2. 50% vaccination within 50 days (left) and 25 days (right) in case of R0=5
(blue line: No of Cases, red line: No of Deaths; dotted line: vaccination started at

30th day of epidemic, line: vaccination started at 50th day of epidemic)
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Fig3. Effective infected cases isolated to reduce R0=2.5 with 50% vaccination

within 25 days (Vaccination started at 30th epidemic day)
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Summary. To control a smallpox epidemic, early start of vaccination and fast
coverage are more important than the vaccine coverage rate itself to reduce the
number of cases and deaths. If the infected patients were isolated effectively to
reduce 50 percent of transmission, and the vaccination started within 30 day of the
epidemic, the smallpox epidemic size would be minimized. How to detect of an
epidemic in the early phase and how fast vaccination of the population can be
accomplished in a short period of time should be the keys for preparing for a small

pox epidemic.
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