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Abstract

Surveillance of a partially observable system is complex. There are many systems that can be
considered as partially observable due to their unknown or partially known structures or the nature

of their unknown products and/or partially known results.

The impacts of the consumption of genetically modified food (GM) are an example of a system that
is only partially observable. The safety of genetically modified foods (GM) products has caused
much controversy. Absence of sufficient and reliable information prevents neither certain confidence
about the harmlessness of product consumption, nor any certain conclusion to merit a ban for fear of
harm. The lack of any reliable or conclusive post-market observation and consumption effects

information, make it difficult to establish a global protocol for such products.

This paper introduces a model for the analysis of partially observable information from the
surveillance of post-market consumption of systems such as genetically modified foods (GM)
products. This model uses Markov Chains, paired with a Bayesian updating function to estimate the

statistical impacts of surveillance observations and modified surveillance policies.

A case study on population health status is used as an illustrative example, which is modeled to
demonstrate the impact of policy interventions on simulated data. A cost decision analysis model is
also applied to illustrate the impact of policy intervention costs. The model uses a first order Markov
chain to estimate the period-over-period change in health status and a Bayesian updating procedure
to estimate the population health status based on observations from post-market surveillance. The
results show how observation samples can be used to provide information on system changes and

improvements.



1. Introduction

As technology expands, reliability, performance and safety become more and more important. The
safety of a population has been always a priority, when it comes to introduction of new products or
technology. Monitoring of system behavior helps to track hazards to people. Surveillance is a

method used as a tool to help understand or control the impacts of new products or technology.

Surveillance is the monitoring of responses and adverse effects. Systems surveillance is the process
of monitoring the performance of objects, a population, or processes within a system to understand
or to achieve a desired standard of performance. The simplest components of surveillance are
. observation, examination, analysis and supervision. Surveillance is a systematic observation method
for monitoring a system, for instance, monitoring the diseases in a population, in order to be able to
detect changes in its patterns and then to be able to control them. (Collegeboard, 2008)
Monitoring population health is an important issue, yet it is a difficult task. Health surveillance has

an important rule for observation and controlling of health status.

The consumption of new products and foods have an effect on and influence population health.
Introducing a new product requires approval of its safety. Pre and Post-market surveillance play a
substantial and considerable role in providing safety monitoring and control of new products. Post-
market surveillance is essential to monitor, detect, and maintain balance between the benefit and
risks, as well as addressing safety, and quality of health products after they enter the marketplace
(Health Canada-B, 2007).

New technology has brought new solutions to respond to demands for new food resources. As the
population grows, land becomes increasingly expensive and less accessible. Unlike 50 years ago,
traditional means of agriculture are no longer able to provide enough supplies to meet demand.
Recently, genetic engineering has introduced new techniques to improve food’s growth

characteristics, shelf life, and nutritional balance.
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Since the introduction of genetically modified (GM) food into the market, even after it has been
declared safe under pre-market testing, the case of suspicion and controversy has never been
completely removed in the post-market period. Thus genetically modified (GM) food represents an
applied area of demonstration for the importance of surveillance of partially observable health

systems.

Since all GM products are complex, their influences on health are controversial and their effects on
the safety of the food chain are only partially known and observable. In any case, their effect on
health cannot be easily understood; therefore the direct and indirect effects of GM production-
consumption on the health system are only partially observable. One response to this problem is to
develop an ongoing monitoring and surveillance system. The objective of a surveillance model is to
provide a better understanding of the system that is only partially observable. Surveillance involves a
series of actions including the collection, simulation, integration, analysis, control, and intervention

of incoming data and information of the performance of the system in question.
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1.1 History

In 2002, Federal government of Canada gave the responsibility for the post-market surveillance of
the products, devices, drugs, and foods to the Marketed Health Products Directorate (MHPD) as part
of Health Products and Food Branch (HPFB) (Health Canada-B, 2007). In 2007, Health Canada
estimated that there are 22,000 pharmaceutical products, 42,000 natural health products and 50,000
medical devices on the Canadian market. Post-market surveillance plays an important role in

monitoring of these products and devices. (Health Canada-B, 2007)

Genetically modified (GM) foods are examples of products requiring pre and post market
surveillance on their partially observable impact on population health. There is not much information

about the impact of GM products on human health that may be considered detailed and accurate.

The world’s first genetically modified food was produced in 1991 by Calgene, a Californian
company. The first GM product was a tomato. They called it Flavr Savr. The news about the first
genetically modified food caused some reaction in the media and raised some concerns about food
safety and the impacts on humans due to the manipulation of genes. Under public pressure, and to
gain the public trust, Calgene asked the US Food and Drug Administration (FDA) to approve its first
GM product.

Between 1994 and 2004, over 60 genetically modified foods have been approved for sale by Health
Canada. In fact, Canadian government officials did not turn down any GM applications that had
been submitted during this period. One reason for this may be explained by Health Canada’s strict
guidelines outlining known requirements for data and protocol related to products used by the
industry. Accordingly, if products do not meet the guidelines and criteria, they can not be submitted.
In some instances, industry clients withdrew voluntarily before a decision was taken, because their

submitted products do not meet Health Canada's strict criteria. (Health Canada, 2004)

There is a fundamental difference in the strategic approach to GM products’ safety worldwide.

While Canada and the U.S. see all GM products as safe unless proven otherwise (labeling is not
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mandatory), Europe, on the other hand, sees all GM products as being under suspicion unless proven
completely safe, (labeling is mandatory). While in Canada and the U.S., GM food is widely available
and accepted by consumers, the European public has kept up its suspicion of GM products.
Australia, New Zealand and Japan also maintain labeling standards for GM food products. China is

currently a producer of GM cotton and supports the use of the GM technology.

It has been more than a decade since genetically modified foods have been introduced to the food
chain around the world. Novel foods, by definition, are foods which are re-processed in a certain
way in order to achieve a certain economical, potential or marketing goal. They also refer to
products that are not historically proven to be completely safe (Health Canada, 2004). For instance,
trans-fat which has been used in many foods, is a product of a food process that creates a better taste,
a longer shelf life, and an economically cheaper product compared to the original product. However,
studies show that trans-fats are not safe. They could raise levels of LDL-cholesterol, and reduce

levels of HDL-cholesterol (Daniells, 2007).

Overall public reaction to genetic engineering remains suspicious. This is the case even though in
Canada, nearly all of our food consumed contains GM food products. Faced with a potentially
negative public reaction since the public generally does not understand biotechnology, industry
leaders appear content to downplay their use of genetic engineering and to blame consumers for not
taking to biotechnology because they don't understand it. “Computers have been accepted in our
lives, not because we understand how they work, but because they are useful,” said Robert
Goodman, a biologist at the University of Wisconsin and former executive vice president at Calgene

Inc. The biotechnology industry needs to tell consumers "what's in it for them," (Fulmer, 2001).

The Public Health Agency of Canada established an organization in July 2000 to provide Canadians
with news, research, and development on pubic health issues in Canada and around the world. This
organization is called the Global Public Health Intelligence Network or, simply, GPHIN.
Information in GPHIN is useful in understanding the importance of surveillance models (Public

Health Agency of Canada, 2004).

The GPHIN acts like an early warning in an internet based system. It collects, organizes, assembles,

and distributes significance first-hand information on public health and diseases. Because of its
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Internet-based nature, it operates and runs information on a 24/7 basis. By filtering the information
in a automated process, only relevant information are released to the Public Health Agency of
Canada GPHIN officials for further analysis. By monitoring global public health news via wires and
web sites, GPMIN provides important information on disease outbreaks, public health events and
news to respond accordingly to rising health risks. Significant information and notifications that may
have serious public health consequences are immediately forwarded to users (Public Health Agency

of Canada, 2004)

The GPHIN operates as a central coordinating point, and as a nerve centre for public health security
in Canada. It helps researchers to identify, reduce, and react to the population’s health risks. It
creates an effective coordination between different research teams and related private and
government organizations, and acts as a centre for disease control programs and population health
surveillance. The Public Health Agency's Centre for Emergency Preparedness and Response (CEPR)
is in charge of GPHIN (Public Health Agency of Canada, 2004).

GPHIN is a good source and a high ranking network for Health Canada to monitor the occurrence of
global health events and international public health news. Any information, such as an early warning
of infectious disease outbreaks, drug recalls, food and water safety issues, or even natural and health
disasters world-wide are critical tools for post-market surveillance (Public Health Agency of
Canada, 2004).

Much research has been conducted, and much information is needed to assure the safety of our
foods, drugs and products. Pre-Market Safety and Testing, as well as post-market surveillance, are
crucial for systems of control and regulation. The following sections describe the heath, health

measurements, as well as the present and future monitoring and surveillance systems in place today.
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1.2 Health measurement

“Health”, is described by the World Health Organization, as a state, free of disease or infirmity with
complete physical and mental well-being (WHO, 1946). Statistics Canada describes “Health
measurement” as the analyses and tools to examine directions and patterns of population health.
Some of these tools are birth and death rates, as well as health expectancy measures and life
expectancy (Statistic Canada, 2007). There are varieties of health measurement tools that are used to
track health of populations over time. However, one specific health measurement tool cannot be
defined as the “best” tool, since each tool has its strengths and weaknesses (Health measurement
Research Group, 2005). Statistics Canada adapted some tools to measure the health state of a
population. The following list shows the measures used by the Statistics Canada (2007) fro

measuring population health status:

Death rates

Birth rate

Health-adjusted life expectancy
Year-equivalents lost to reduced functioning
Health expectancy measures

Potential years of life lost to a health condition

N kW=

Disability-adjusted life expectancy

The World Health Organization (WHO) has some recommendations for public health measures on
disease control. As part of its recommendations, WHO describes public health measures such as
coordination of services, vaccination for public health purposes, protection of persons at risk of
occupational exposure, personal protective equipment, pharmaceutical treatment to prevent disease,
health monitoring, and isolating and managing suspected cases according to recommended

procedures for infection control. (WHO, 2005)
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The Government of Canada published a report based on comparable health indicators in response to
the First Ministers' Communiqué on health issued in September 2000. Three years after the report on
February 2003, health ministries from the provinces, the territories and the federal government
worked together to select and to report on comparable indicators. These health indicators address
outcomes of health services, health status, and quality of health services. The committee identifies
14 areas for the indicator reporting: low birth rate, self-reported health, life expectancy, infant
mortality, change in life expectancy, improved quality of life, waiting times for key diagnostic and
treatment services, patient satisfaction, reduced burden of disease, illness and injury, home and
community care services 24 hours a day and seven days a week, hospital re-admission for selected
conditions, access to first-contact health services, public health surveillance and protection, and

health promotion and disease prevention (Statistic Canada, 2002).

Health Canada in its 2006 federal report, describes comparable health indicators. This report came to
improve the First Ministers’ Accord on Health Care Renewal report in 2003 that focused on timely
subject access, quality, sustainability, and health status and wellness. The 2006 report tries to
improve the information on comparable health indicators and to meet criteria for completeness,

accuracy and adequate disclosure (Health Canada, 2006b).

The 2006 report also provides information on three main themes of timely access, quality, and
sustainability and it focuses on seven specific priority areas under those themes: primary health care,
home care, catastrophic drug coverage and pharmaceutical management, diagnostic and medical
equipment, health human resources, healthy Canadians, and other programs and services (Health

Canada, 2006b).

There are lists of 70 indicators that are developed for public health reporting. The list is available
from “A Federal Report on Comparable Health Indicators 2006 (Health Canada, 2006b). However,
based on the 2004 report, all federal, provincial and territorial jurisdictions agreed to 18 indicators.
The following list shows the 18 indicators: (Health Canada, 2006b)
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1-Self-reported difficulty obtaining routine or ongoing health services
2-Self-reported difficulty obtaining health information or advice
3-Self-reported difficulty obtaining immediate care

4-Self-reported prescription drug spending as a percentage of income
5-Self-reported wait times for diagnostic services

6-Hospitalization rate for ambulatory care sensitive conditions
7-Self-reported patient satisfaction with overall health care services
8-Self-reported patient satisfaction with community based care
9-Self-reported patient satisfaction with telephone health line or tele-health services
10-Self-reported patient satisfaction with hospital care
11-Self-reported patient satisfaction with physician care

12-Health adjusted life expectancy (HALE)

13-Prevalence of diabetes

14-Self-reported health

15-Self-reported teenage smoking rates

16-Self-reported physical activity

17-Self-reported immunization for influenza aged 65 plus (“Flu Shot™)

18- Body mass index

As it was indicated before, there are many indicators and health measures. There is always a

challenge to use the right and appropriate indicators, as well as difficulty to adapt a right methods

that can be used for these tools in an effectively and efficiently manner. This thesis will adopt a

simple definition that, while recognizing the difficulty of measurement, and complexity of finding

appropriate indicators, uses health indicators in an illustrative manner while recognizing the

difficulty that such measures entail.

The next section describes how present pre-market surveillance helps monitoring the safety and

quality of the population.
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1.3 Present Pre-Market Safety and Testing

Health Canada monitors the safety of food production and classifies certain foods either into
categories of “safe” or “unknown”. As a result, the notion of novel food was introduced to

consumers. Food and Drug Regulations of the government of Canada has defined a novel food as:

(a) a microorganism or a matter that does not have a prior history of safe use as a food;

(b) a genetically modified food such that the plant, animal, or microorganism that exhibits
characteristics that were not previously observed in an organic food, derived from a plant,
animal or microorganism;

(c) aprocess that causes the food to undergo a major change that has not been previously applied
to that food by means of manufacturing, preparing, preserving or packaging.

(Public Health Agency of Canada, 2004)

As a result of pre-market testing, and as part of the same process used by the Food and

Drug Regulation act, a novel food could have the following status:

(a) it could not approved for market consumption;

(b) it could approved unconditionally for the market;

(c) it could approved for the market with some degree of details;

(d) it could be subjected to controlled release with a degree of details;
(Public Health Agency of Canada, 2004)

Health Canada’s perspective is to create a fair, efficient, and competitive marketplace for
a better, healthy and dynamic economy. The pre-market surveillance and testing is used
to achieve an environment of confidence where the public’s interests could be protected
and the climate for investment, creativity, development, and trust is improved. Both drug
and food have pre-market surveillance and safety regulations. The present pre-market
testing for drugs in Canada, as described by Health Canada as point-in-time structure,

works in a simple framework. For instance, when a manufacturing drug company initially
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chooses a formula that shows some promise, it has to test it through a development
process, initially on non-clinical trials such as with test tubes, animals, and finally on
human clinical trials. In the case of any clinical trial (human test trial), an application for
approval must be submitted to Health Canada. Once the manufacturer is satisfied that it
has enough evidence of a healthy drug and the new drug has the safety, quality, and
efficacy for a specific indication, it can file a drug submission to Health Canada. Health
Canada reviews applications to see if the application follows the Food and Drug Act and
its regulations. If it meets all of the requirements, a license will be issued for this new
drug, called the Notice of Compliance. As part of pre-market safety regulations, along
with issuing the Notice of Compliance, labeling for a food or drug, also must be approved

by Health Canada. (Health Canada, 2007)

1.4 Future Pre-Market Safety and Testing

The new Progressive Licensing Framework represents the future in Canada for pre-market testing
(Health Canada, 2007). It consists of three parts: (1) a life-cycle (evidence-based approach), (2) good

planning, and (3) accountability.

As part of a “life cycle” framework, a food or drug product will be evaluated for its benefit-risk
profile throughout its life-cycle. This approach represents a fundamental shift from the previous
idea. In the present framework, the safety, and efficacy of a drug is based on pre-market testing. In
the future, the drug will also be subject to testing throughout its post-market life-cycle (Health
Canada, 2007). The following Figure 1 illustrates the framework for the post-market life-cycle:
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Figure 1: Regulatory framework and critical points in the life-cycle of a drug (Health Canada, 2007)

“Good planning” is another part of this new framework. It suggests that at every step of the
regulatory process, a proactive planning approach will be introduced to manage all possible issues

related to a new product (Health Canada, 2007).

As part of the “accountability” framework, there will be an on-going requirement to justify the safety
and marketing of a food or drug product. As a result, issuing a new license will not act as a green
light for complete safety of the product in the post-market period, and adjustments will be done
throughout the food or drug product life cycle (Health Canada, 2007).
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1.5 Post-Market Surveillance

Post-market Surveillance plays an essential role in market policy. It can act as the public’s eyes and
awareness. As knowledge is power, both sides, consumers and manufacturers, understand the
importance of surveillance and control. Consumers need to be made aware of the safety and health
content of products. The manufacturer needs to convince the customers that its products are safe.

Further more, post-market surveillance enables us to:

¢ Evaluate the safety of products in practice over a wide range of consumption
e Verify the effectiveness and efficiency of current policy and control measures
e Provide feedback to the manufacturers, consumers, and the government health agencies

e Protect the health of populations that are presumed to have higher risk

Health Canada understands the importance of health surveillance, and in order to obtain better

results, it has created the Global Public Health Intelligent Network, GPHIN with this responsibility.

1.6 Case Study

The case of soybeans demonstrates the market dominance of the public’s consumption of GM foods.

Soybean is a good example of the positive and negative impacts associated with GM foods.

1.6.1 Soybean

Major world oilseeds come from 7 main sources: soybean, cottonseed, peanut, sunflower seed,
canola/rape seed, copra and palm kernel. Soybean plays a major role in oilseed production. In 2005,
it was estimated that about 70% of the whole world’s oilseed production came from soybeans.

(Agriculture and Agri-food Canada, 2005)
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Soybean has been produced massively in Canada, the U.S., Argentina, China, Brazil, and many other
major agricultural countries worldwide. It plays a critical role in our food chain, as it is a major oil
source for our food industry. It is also a good example for the case of GM food. In Canada and the
U.S., over 90% of all soybean crops are from genetically modified sources. This is important in
order to find out about the percentage of GM uses in overall crop production. In 2004, the cases of
soybeans alone, out of 119.5 million acres of GM soybean worldwide, 109 million acres (91%) of
GM soybean were produced by Monsanto, a U.S. agricultural company. The same source shows,
also in 2004, that Monsanto controlled 25% of the global market share. Again in 2004, according to
a study by the U.S. Department of Agriculture, 83% of all soybeans produced in the U.S. were
genetically modified (ETC Group Communiqué, 2005).

In 2005, ETC Group Communiqué had a report on the share of GM plants in 2004 around the world.
In this report shows the global share in production of GM seeds in 2004:

- USA: 59%

- Argentina 20%
- Canada 6%

- Brazil 6%

- China 5%

- Others 4%

Source: (ETC Group Communiqué, 2005)

A new study in May 2007, by Statistics Canada, shows the total soybean domestic use was 1959 kilo
tons (kt) in 2005-2006. Statistics Canada has estimated that this consumption will grow to 2103 kilo
tons (kt) in 2006-2007 and 2000 kilo tons (kt) in 2007-2008 (Statistics Canada, 2007). Based on the
same source, the soybean production in Canada will grow from 3161 kt in 2005-2006 to 3533 kt in
2006-2007. (Agriculture and Agri-food Canada, 2007)
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Figure 2 shows the forecast of soybeans supply and disposition in Canada for 2007 and 2008.

Canada: Soybeans Supply and Disposition
May 29, 2007

Crop Year [a] 2005-2008 2008-2007 [F) 2007 -2008 [F}
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Figure 2: Soybeans Supply and Disposition in Canada (Source: Agriculture and Agri-food Canada, 2007)

As the consumption of soybean increases, the genetically modified food intake by consumers will
grow accordingly, since over 90% of all soybean production is genetically modified. At the same
time, the overall impact of GM technology for soybean production is uncertain as the following

investigations have shown.

One study shows that as a result of inserting a Brazil nut seed storage protein into the soybean
chromosomes, some individuals consuming these soybeans respond with an allergic reaction. As a
result of this study, this type of genetically modified soybean was pulled from the market
(Silbergeld, 2005).

Delegates from 119 countries gathered in Durban, South Africa in 2000 to discuss impacts and
usage of GM soybean. Among supportive cases of GM soybeans was that of Almir Rebello, a farmer
in Brazil, who showed a significant increase of worms and tiny organisms in his 247 acre farm. This
farmer claimed that genetically modified soybeans were responsible for the richness of the soil,

which would help to increase production each year (Gobbi, 2000).
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Overall, soybeans are an example that there is no conclusive evidence to either prove or reject the
safety of such foods. Thus, a mechanism for surveillance and control in the post-market consumption
of such foods needs to be implemented and would be a welcome innovation designed to monitor and

report on beneficial as well as negative effects.

1.7 Thesis Objectives

This thesis presents a modeling framework for examining observations from post-market
consumption surveillance and illustrates a process related to observing and triggering health
intervention policies designed to demonstrate how the system could be used to monitor and adapt to
hypothetical health impacts. A health intervention strategy design is presented for setting dynamic
market policies, based on health status observations from the post-market surveillance observations.
This research develops and applies the model to the illustrative case of the decay of population
health status attributed to the consumption of complex food products. This example, based on the
modern propensity of the population to become more obese, simulates market consumption and
market surveillance observations and examines health intervention strategies that are directed to
modify health status. Note that this research is focused on the partially observable model design and
implementation and does not imply that the relationships between individual consumption and health

are known precisely. In summary, the objectives of this research are to:

¢ Examine market surveillance for consumption of food products such as GM foods;

e Develop a partially observable Markov Chain model with Bayesian updating on the health
status of a population for the analysis of post-market surveillance data for monitoring post-
market consumption;

e Apply the model to a case study of product consumption and the implied health impacts from
consumption by simulating market consumption, surveillance observations, and design and

evaluate dynamic strategies for monitoring and controlling aspects of population health.
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This thesis develops the modeling methodology to be used for market surveillance and presents a
strategy design for setting dynamic market policies given observations from surveillance. Expected
results will include direction for an active surveillance system, data collection, analysis and strategy

intervention.

1.8 Plan of the Thesis

This thesis introduces a design for post-market surveillance of the partially observable health status
of a population. The thesis is presented in six chapters. These are: (1) Introduction, (2) Literature
Review, (3) Methodology, (4) Model Illustration, (5) Case Study and (6) Conclusions. In the
Introduction presented above, some background information about the pre and post-market
surveillance, GM food consumption with their problems and controls, an illustrative case study, and
the thesis objectives and the plan of this research was provided. In the Literature Review chapter, the
methods of surveillance are reviewed. Chapter 2 analyzes previous work on market surveillance and
partially observable systems. In the Methodology chapter, the components of the surveillance model
developed in this thesis are described. The model is demonstrated in Chapter 4, in which policy
implementation and alarms with system interventions are modelled and discussed in more detail. In
Chapter 5, Case Study, the problem of declining health status in an obese population is applied to the
original model and the interventions are implied to move the population to an improved health state.
In the final chapter, the conclusions of this report and recommendations for future research are

presented.
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2. Literature Review

A variety of environmental and human health concerns accompany new advances in food and drug
consumption introduced to the market. For example, the emergence of genetically modified foods in
the marketplace has resulted in a storm of public debate, scientific discussion, political hot topics,
and media coverage. This literature review section examines observations regarding market impacts

of new foods products such as GM foods and consists of the following sections:

2.1 Market Surveillance
2.2 Partially Observable Systems Analysis
2.3 Applications of Post-Market Surveillance

2.1 Market Surveillance

When there is no clear evidence of the health effects connected to new food consumption even after
a new food product has been pre-market tested, the uncertainty about potential long-term health
effects leads to the need for development of a policy of post-market surveillance. This section

examines the notion of post-market surveillance and its discussion in the literature.

2.1.1 What Is Surveillance?

Different definitions or interpretations of the word “Surveillance” have long existed. Related to
different jurisdictions, surveillance systems have been used for certain procedures or products. There
are many applications for a surveillance system. For instance, Canada has an Injury Surveillance
System. In this type of surveillance, information is obtained from all emergency departments in
hospitals to keep track of all registered intentional and unintentional injuries incurred by patients.

This surveillance provides very high quality data that can be used for different purposes.
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The U.S. has used another application for surveillance in a Water Fluoridation Reporting System
(WFRS) to create a database for the Center for Disease Control and the Environmental Protection
Agency’s Safe Drinking Water Information System (SDWIS). (Amanor-Boadu and Amanor-Boadu
2002).

The Canadian Network for Health Surveillance has adopted the following definition of health

surveillance:

“Health surveillance is the tracking and forecasting of any health events or health
determinant through the collection of data, and its integration, analysis and
interpretation into surveillance products, and the dissemination of those

surveillance products to those who need to know.” (Health Canada, 2003, p.8)
Health Canada also has defined surveillance as:

“A more methodological view is that surveillance is the repeated collection of
information under an invariant sampling strategy and definitions at constant
intervals over a long enough period to enable the detection of changes in a

baseline occurrence.” (Health Canada, 2003, p.8)

Health surveillance may contain diverse components, models or methods. The following section

explains methods that could be used in a health surveillance model.

2.1.2 Approaches to Surveillance

Surveillance can be used for a pre-market and/or post-market case in many different applications. A
surveillance system is considered to be a complex system. This is due to the difficulty of finding a
balance between the cost, effectiveness solution, and reliability of the surveillance system. In many
cases, obtaining accurate data is not an easy task and is considered to be expensive. Moreover,
sometimes the information is only partially observable, which is called “Surveillance of a Partially

Observable System”.
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In one of its analysis reports of the post-market surveillance of bio-engineering pharmaceuticals,
Health Canada describes the purpose of surveillance as to detect changes in a stable state of
occurrence in an object of interest (Health Canada, 2003, p.9). Therefore, the surveillance is rather
pattern recognition as compare to hypothesis testing, and a description and not explanation (Health
Canada, 2003, p.9). As a result a surveillance analysis does not clearly address cause and effect even

though the results are often indicative to an informed analyst. (Health Canada, 2003, p.9)

A complex surveillance system, like any other complex system, requires a careful methodological
approach. Health Canada, regarding the same report about the analysis of the post-market
surveillance of bio-engineering pharmaceuticals, discusses different approaches to health
surveillance. This report categorizes the health surveillance into three approaches: passive, active

and enhanced surveillance (Health Canada, 2003).

Passive surveillance is a type of surveillance in which the information is gathered mainly for
administration purposes in a generalized form of information through a second or third party, and is
usually cheap to operate. Active surveillance is used in a standardized manner, using a faster and
higher quality method of data collection. Enhanced surveillance has no fixed design, however it uses
superior testing, improves structure and strength, and is more costly than the other methods. These

three types of surveillances are described in more detail below.

2.1.3 Passive Surveillance

Passive surveillance is used more often in the case of health surveillance, compared to the other
types of surveillance such as active and enhanced. The passive surveillance information is often

collected for hospital administration rather then clinical or academic research. For instance, the

information is more often used for clinical billing or hospital admission/discharge. As a result, the
data have fewer details and their quality is lower. Consequently, data from passive surveillance is

not very reliable for research purposes.
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“Typically, these datasets contain little richness or detail relevant to surveillance
of health status to begin with. Further, the records abstracted for surveillance
purposes are usually anonymized and have been through a number of edits which
might categorize discrete values, impute missing values and generally act to

degrade the information value of the original data.” (Health Canada, 2003, p.9)

Although, passive surveillance has some key advantages compared to other surveillance methods,
such as being relatively easy to implement and cheap to operate, their usefulness in a post-market
context is highly problematic. One of the main disadvantages of passive surveillance is that its data
are often dated, e.g., available only once a year. For that reason some systems, such as the
surveillance of infectious diseases where a rapid response and the need for fresh data are required,

passive data are not effective. (Health Canada, 2003)

2.1.4 Active Surveillance

Active surveillance systems are administered in a standardized manner. They use purpose-designed
data collection tools, allowing much faster time to analyze the elapsed time between events. This
approach gives active surveillance some major advantages over passive surveillance systems. While
in passive surveillance the elapsed time may be more than a year, in active surveillance it is in a
matter of hours or a few days. Another advantage of active surveillance, compared to passive, is the
quality of the data. Collected information in the active surveillance approach often passes through
fewer hands between collection and analysis. Therefore, the data are of a higher quality of more
relevant information, regularly available in a short period of time. The main disadvantage of using
active surveillance is its applicable cost of design and operation. This is also the reason why there

are relatively more passive surveillance systems in comparison to active systems. (Health Canada,
2003)
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2.1.5 Enhanced Surveillance

Enhanced surveillance is based on having no fixed design, as compared to active or passive.
Enhanced surveillance generally follows the active surveillance approach and increases the
limitation on data-collection based on any possible relevant information that can be collected. Health

Canada defines enhanced surveillance as a method of data collection on risk factors.

“Enhanced surveillance generally extends the approach of active surveillance to
include data collection on risk factors, exposures, and other information thought

to have relevance.” (Health Canada, 2003, p.11)

This approach supports types of analysis which are believed to be beyond recognition of a traditional
surveillance-type pattern. The fact that enhanced surveillance changes the face of traditional
surveillance into multivariable hypotheses testing is attractive. However, it has a major
disadvantage, which is its high cost. In practice, the usage of enhanced surveillance methods is

limited.

In comparison, Health Canada concludes that even though the passive approach is relatively easy to
implement and cheap to operate, its degree of error and uncertainty, and slow information generation
are highly problematic for post-market surveillance. The enhanced surveillance has the advantage of
extending classic surveillance into multivariable hypothesis testing. This surveillance can be more
useful for health surveillance or particularly in purely disease oriented surveillance. However, it has
a high cost for implementation and therefore is limited to certain cases. Active surveillance provides

a reasonable potential and is a logical choice for post-market surveillance.

As it was described before, some systems are only partially observable. This is due to their
complexity and partial accessibility to their information. In the case of surveillance of partially
observable systems, the obtention of complete data is considered to be difficult and/or costly. The

next section describes health surveillance in partially observable systems.

In the case of health, it is important to perform basic surveillance on defined health outcomes along

with the monitoring of the consumption item in the marketplace. What we are looking for is a better
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understanding of the impacts of consumption on public health through observation, using post-
market surveillance. Yet, for GM foods products fro example, there is no known operational post-

market surveillance system.

The health Canada, in its 2004 report, concludes that at the present time it is not realistic
for a generalized surveillance to provide meaningful data on the linkage between
consumption of GM foods and health outcomes (Health Canada, 2004, p.12). However,
for a test specific risk hypotheses a post-market monitoring would provide important
information (Health Canada, 2004, p.12). This report concludes that there is no
operational post-market surveillance system for GM foods internationally (Health

Canada, 2004, p.12).

2.1.6 Consumer concerns

In October 2002, Finlay and Sheeshka (2002) from the University of Guelph released their research on
post-Market surveillance of GM foods and consumer concerns. They conducted a simple survey by
asking a group of people to associate freely the first three words or phrases that come to their mind when
they think of GM foods. The questionnaire had a scale ranging from very positive (+1) to very negative
(+5). There were four separate questionnaire sections: Risk ratings of GM and 16 other technologies,
acceptability of 9 different applications of GM, a knowledge questionnaire and finally demographic

information. The results include the following table:

Question % of Respondents Mentioning Rating
Mentions of fruits and vegetables 34% 2.97
Are GM foods natural? 29% 4.07
Mention about technology 19% 3.13
Questioning safety and risk 17% 3.81
Positive consequences of Gm foods 12% 2.17
Chemicals/hormones 12% 3.91
Rating: 1 = positive .....5 = very negative Source: Finlay and Sheeshka, 2002

Table 1: Survey on customers’ concern about GM foods

Finlay and Sheeshka reported the perceptions of risks versus benefits: the average of 3.92 (rate)
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think benefits slightly outweighs risk. In this rating, as it is shown on the Table (1), the value of 1
represent a “positive” rating, and thus the benefits are measured with low numbers. The risk being
more negative with high numbers; for instance a value such as 3.92 is much larger than 2.5 and is

therefore “negative.

In this survey, Parents rate risks as outweighing benefits. College education rate benefits over risk.

On the question of Safety of GM foods the following responses were found:

1) Average response rating was 2.69 - slightly closer to disagree
2) 50% responded that they strongly disagree or disagree

3) 40% responded that they strongly agree or agree

4) 7% responded that they neither agree nor disagree

5) Slightly more parents disagreed that GM foods are safe

Finally, they reported that Parents with children are significantly less supportive on the issue of
support for GM foods, while the university educated parents are less supportive. This survey reports
that 69% said that on the issue of purchasing GM Foods, if they had a choice, would stick with the
foods they are currently buying (Finlay & Sheeshka, 2002, p.11). This report suggests that
participants of purchasing GM foods’ survey were divided into 2 subgroups: “Health and Price-

Sensitive” and “Knowledge Conscious” (Finlay & Sheeshka, 2002, p.11).

Despite the lack of evidence in one direction or the other, the study demonstrates the relative
uncertainty of consumers’ perceptions regarding GM foods. Thus, this study demonstrates the need
for post-market monitoring of the impacts of consuming GM foods. As such, post-market
surveillance is increasingly required by some regulatory authorities for the marketing approval of
GM Foods and drugs ( J. -M. Wal, P. A. Hepburn, L. J. Lea and R. W. R. Crevel . July 2004, pages
08-104). This requirement aims to show that unexpected effects do not occur after long-term
everyday exposure. Large food manufacturers have passive systems to obtain feedback from
consumers on their products, e.g., adding a contact email or 1-800 phone number for comments and
feedbacks from their consumers on the product’s package. Such feedback and surveillance systems

can be enhanced to collect information on possible adverse health effects of specific products and
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relate these to intake in specific groups of consumers. Examples of surveillance applications

products are described in Section 2.3 below.

2.2 Partially Observable System Analysis

In a partially observable system, monitoring the system yields only a probabilistic view of the actual
state of the system. It is impossible to obtain complete information in all sub-systems of a partially
observed system due to the inability of the surveillance system to observe all elements of the
population. Monitoring the consumption patterns and health effects of GM foods products in a
population yields is complex and the interactions between consumption and health impacts are not
well-defined. Thus, observations from the surveillance system are only partially informative about
the health impacts and health status of the system. Baynton describes some main reasons for calling

a GM system partially observable.

“Taken together with variation in diets and dietary components, genetic
variability within a population that affect individual predisposition to possible
adverse food related effects, and other environmental factors unrelated to diet, it is
unlikely that observational studies would uncover any health effects due to the

GM nature of food.” (Baynton, 2002, p.65)

Post-market surveillance of GM foods therefore has limited information. This is due to the lack of

complete information and access to all individuals who have consumed such products or foods.

“The feasibility of undertaking epidemiological studies to assess any post-
marketing effects of GM foods on human health aspects appears to be limited. No
reasonable firm hypotheses about which human health end-points GM foods
might affect. Individual exposure to GM foods is likely to be difficult to access.”
(Baynton, 2002. p.65)

Applications of the analysis of partially observable systems outside of the health system do provide

insight into modeling mechanisms that may address the consumption-health impacts problem. For
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example, an application of a partially observable system for assessing resource stock status was
presented Lane(1989). The paper presents an application of a Markov decision process for the
partially observable model of decision-making by fishermen. Throughout each fishing season,
independent boat and vessel operators must decide which area or fishing ground of the fishery to fish
during each period. They must determine in which zone to catch the most fish with the highest return
to fishing effort. Fishermen’s decisions are assumed to be made to maximize net operating income.
This decision model uses the data from the cost of the fishing effort, the unit price of fish and the
potential fish catch. The model helps understand the rational behavior and decision-making

processes of fishermen.

“The decision model incorporates the potential fish catch, the cost of the fishing
effort, and the unit price of fish. Catch potential is modeled by considering the
abundance of the fish stock and the ability to catch the fishing technique. Abundance
dynamics not observed directly are modeled as a Markov chain with a state-space
representation. Dynamic decision policies are computed by the method of optimal
control of the process over a finite horizon. The resultant policies are used to simulate
distributions of fishermen’s net operating income, fishing effort dynamics, and catch
statistics. The model may be used as a decision aid in the regulation of the common

property fisheries resource” (Lane, 1989).

Another application of a partially observable system is on decision-making in a multi-agent system
with some unknown information, using Markov decision processes. In multi-agent systems,
decision-making and selecting a strategy are the key performance components. This can be a
challenge if the system is partially observable, since for strategy selection it is required to have a
certain amount of information. In this case, a method with some -implementation samples is used to
employ a bi-simulation over information of the model to collapse the structures at each time step,
using expected values of variables in a probabilistic Kripke structure (Nicholson, 2002). Bi-
simulation is a common behavior in simulation between some state transition systems, where one
system simulates the other and vice-versa. It acts and behaves in an equivalence relation between

state transition systems and associating systems.

Management of patients with ischemic (lack of blood) heart disease, diagnosis of their diseases, and

their treatments is another application of a partially observable system. The problems of uncertainty
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about the underlying disease, uncertainty associated with the patients’ response to the treatment,
cost-decision of a different diagnostic method, and treatment procedures are associated with this type
of the partially observable application. To tackle those problems, related to modeling of such a
complex decision process, a partially observable Markov decision process (POMDP) framework is

used (Hauskrecht and Fraser 1998).

One of the most important applications of the partially observable system is in health care system.
Canada spends billions of dollars in health care system to solve the problems with health care
efficiencies. The UBC Center for Health Care Management reports from the Mathematics of
Information Technology and Complex Systems (MITACS), a network for the Mathematical
Sciences, that Canada has the largest industry in health care with more than $140 billion spending
budget:

“Health care is Canada’s largest industry with expenditures exceeding $140
billion. The Canadian healthcare system is at a critical point; it faces an aging
population, attrition in its workforce and pressure to adopt new and costly
technologies. Further, long current wait times for health care services has become
one of the paramount issues facing Canadians. To meet these challenges, health
system leaders and managers require analytical models to support their system

efficiency and capacity investments decisions.” (MITACS-a, 2006)

For instance, HIV treatment planning to consider patient devotion to therapies uses a POMDP model
to solve the health care efficiencies issues in this partially observable system. The imperfect
devotion or adherence in HIV care is a major problem, because even an ordinary absence from
perfect support may result in significantly reduced benefits of therapy. Although significant research
is being done to improve patient behavior for the treatment, it is also important to consider some best
possible treatment models for patient adherence. Difficulty to measure the patient devotion,
ambiguity of the subject, and the difficulty of testament’s accuracy propose the use of partially
observable Markov decision process models. (MITACS-b, 2006)

These POMDP applications show us how to apply a similar method for the cases of partially

observable systems in postmarket consumption and partrially observable health effects. The cases of
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GM foods have raised safety concerns while crossing traditional boundaries between producers and
consumers. Although consumers are looking particularly for a low-price, convenient, and diverse
food products, they are also demanding for high quality, reliability and safety standards of such
products. The safety of GM foods has always been a controversial issue, and since these products are
partially observable, it requires a reliable method for their surveillances. The following section
describes research by Finlay and Sheeshka (2002) from the University of Guelph, on consumers’

perspectives on trust in government and post-market surveillance of genetically-modified foods.

2.3 Surveillance Applications

There are many applications of surveillance as a mean of monitoring and controlling a new product,
food or drug. In this section, surveillance applications are illustrated. These applications include:
monitoring vaccines, monitoring medical devices, comparative testing on biosimilars, monitoring

risk assessment and management of occupational exposure to pesticides in agriculture.

2.3.1 Post-market surveillance in monitoring vaccines

Post-market surveillance is used for the safety monitoring of vaccines in Germany. In this
surveillance system, after vaccination, all reported suspected adverse drug reactions (ADR) are
collected into a database at the Paul Ehrlich Institute for a safety monitoring of a vaccine. According
to the German Drug Law and European Regulation, pharmaceutical manufacturers and all marketing
authorization holders have the legal obligation to report suspected adverse drug reactions to the
authorities. Also, physicians are obligated to report to the German Infection Protection any suspected

cases of complications after immunizations. (Weisser et al, 2007).

Vaccine surveillance was conducted during 2004 and 2005 in Germany. In the observations, infants
and young children (0-2 years), were the age groups with the highest absolute number of reported
cases (two thirds), and adults (18-59 years) accounting close to one third in each of the annual

reports. The following data shows the results for this vaccine surveillance in 2004 and 2005:
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(1) Total number of suspected complications after immunizations or suspected cases of adverse drug
reactions: 1393 in 2005 as to 1273 in 2004.

(2) Serious adverse drug reactions (ADR): 919 (66%) in 2005 as to 858 (69%) in 2004

(3) Reported ADR cases by physicians: 517 (37%) in 2005 as to 414 (33%) in 2004

(4) Reported of reaction to be serious: 229 (44%) in 2005 as to 251 (61%) in 2004

An indicator that was used by the German market during the observation period shows the total
number of reports divided by the total number of vaccine doses was 3 reports per 100,000 vaccine

doses.

2.3.2 Post-market surveillance in monitoring medical devices

The Education Department, FIMP Lombardy, Italy, showed how a post-market surveillance was
used to assess the safety, effectiveness and parental compliance with a medical device. The
monitoring was applied to a device that worked for the removing excess nasal concealment by
suction in babies viral infections of the upper respiratory tract. In this method, post-marketing and
customer satisfaction surveillance was performed in a prospective observational non-comparative
cohort study. In this surveillance, 240 patients took part in the safety assessment and 212 went
under clinical efficacy assessment. By comparing two examination forms, one for before, and one
for after using the medical device for the treatment, the input data were analyzed. The result showed
that 68% of parents reported that the device was simple to use, and 86% judged this device to be
more effective than other similar devices. The surveillance report showed progressive improvement
in the children's' conditions during the treatment period and an extreme satisfaction of the babies’

parents with the effect of using this device (Casati et al 2007).
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2.3.3 Post-market surveillance in monitoring exposure to pesticides in agriculture

An article by the department of Occupational Health in the University of Milan presents a study of
post-market surveillance in agriculture that was used to monitor the effect of pesticides, fertilizers,
and chemical toxics used in agriculture, on the health of labourers and farmers. As in most countries,
a specific and complex legislation prescribes an extremely careful risk assessment process for
pesticides prior to their entrance to the market. A post-marketing risk assessment helps to assess the
risk during the use of pesticides. The results of the pre and post-marketing risk assessment are the
basis for the health surveillance of exposed agricultural labour force to pesticides. This research
concludes that administrating, managing and, assessing the health risk caused by pesticides in
agriculture is a complex and essential task, the experience has shown that prevention of health risk

caused by pesticides is technically feasible and economically rewarding (Maroni et al 2006).

2.3.4 Post-market surveillance in comparative testing on biosimilars

Biosimilars, also known as “follow-on biopharmaceuticals” in the U.S.A., are unlike traditional
pharmaceuticals. Their aim is to copy a complex three-dimensional protein structure with high
molecular weight. Any small error or altering in the process can change the product effect and its
safety. The quality, safety and efficacy of the reference product will depend on an extensive
comparability testing. The European Agency for the Evaluation of Medicinal products (EMEA),
according to its guidelines, demands a demonstration to show comparability of the biosimilar
products’ profile as the reference product. Although various analytical examinations are available to
compare a potentially similar biopharmaceutical with a reference product, it is important to
recognize the limits of such existing analysis and examination. The application proposes that post-
market surveillance can actively examine comparability and similarity of a biosimilar product to a
reference drug. This can be done by examination of the quality and limits of such analytical
methods. The method requires the reliable testing of the protein content, stability, activity,
impurities, physiochemical integrity, and its other additional chemical components. There are

challenges in this surveillance method, since it is difficult to achieve an international standard to
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resolve the differences in methods and materials from laboratories. The article suggests that clinical
trials are important to guarantee the product's safety and efficacy over time (Locatelli and Roger
2006).

2.3.5 Post-market Surveillance in genetically modified crops

Although usage of gene recombinant technologies has helped agriculture industry improve
production, there is always an unknown risk attached to the consumption of genetically modified
crops. International organizations, such as FAO, WHO and OECD believe that the safety of
transgenic crops should be carefully and completely evaluated. They have reached a common
agreement that the evolution should be based on the substantial similarity principal on toxic tests,
substantial equivalent analysis, protein allergenic study, and nutritional assessment. In addition to
these international organizations, the European Union (EU) has also recently adopted legislation on
the cultivation of GM crops. Based on this legislation, it is required to have post-market surveillance
for any unanticipated contrary effects of GM crops in the long term. This strict strategy can help the
safety assessments of GM crops (Zhuo and Yang 2005).

2.3.6 Applications of Surveillance of GM Foods

Although the U.S. government does not have a post-market surveillance or monitoring system for
bio-engineered foods, the Food and Drug Administration (FDA) is responsible for monitoring of all
foods including bio-engineered foods. The surveillance of GMOs (genetically modified organisms)

is part of the FDA’s responsibility in the U.S.

“GMOs (genetically modified organisms) were created to enable plants to grow
quicker and produce a greater yield/harvest for the production of food while using
fewer pesticides. Approximately 70% of processed foods have genetically
modified ingredients, yet most are not labeled as genetically modified. For the

first time in human history, corporate scientists are using technology to introduce
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the genes of one type of food into another. Some of the GMOs to watch out for
are: Soybeans, A third of Corn (maize, cornmeal), Ketchup, Cake mixes, Potatoes,
Squash, Tomatoes, Corn flakes, Crispy tacos, Cheese pizzas. Organic foods and
unprocessed, whole food items are less likely to be genetically modified.” (Hull,

2007)

StarLink Corn is an example, where a surveillance of GM food was conducted by the FDA. The first
news about GM StarLink corn hit world headlines in 2000 (Agrifood Awareness Australia, 2001). It
was not long after StarLink corn initially was approved as an animal feed, that it was found in most
supermarket products through the U.S. “StarLink corn seed was registered and annually renewed for
domestic animal feed and non-food, industrial use in the U.S. in 1998, 1999 and 2000” (StarLink,
2001).

“StarLink corn was genetically modified to resist major corn pests. It contains a soil bacteria

gene from the Bacillus thuringiensis (Bt) family, which allows it to produce an insecticide

protein (Cry9C) which controls major corn pests such as the European corn borer and the

Southwestern corn borer.” (Agrifood Awareness Australia, 2001, p.1)

Even though, there was no evidence that StarLink was harmful to human health it was recalled from
the market in 2000, followed by a multi-million dollars loss in markets. In 2000, an environmental
group tested supermarket corn products for traces of StarLink corn. They found its genetic material
in taco shells. In 2001, StarLink Limited Inc. opened a claims line and a 1-800 number for farmers to
fill out an application for their claims (StarLink, 2001). The FDA conducted a post-market
surveillance of consumers’ complaint reports and discovered that they may be related to possible

allergic reactions to the protein in StarLink corn.

There are other similar cases for applications of surveillance of GM foods. For Instance, Becel Pro-
Active margarine was allowed to carry the Heart Foundation’s logo for several months while the
foundation was receiving commission from its sales (Kleter et al 2001). Becel Pro-Active margarine
contained a product called “linola”, a linseed modified to have an oil composition like sunflower
seeds through a mutation or change in genetic material work. Therefore, it was treated as a

genetically modified food (Keller 2002).
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In 2001, Health Canada decided to pull Becel Pro-Active, a fat spread made with added
phytosterols, from stores and issued an advisory statement, considering Becel Pro-Active
to be unsafe. In its statement, the Health Canada says that the product was not in
compliance with the Canadian Food and Drugs Act and concerned that phytosterols may
pose health risks for certain groups, such as pregnant women, and children and/or people

on cholesterol-lowering medication. (Gondziola and Badger, 2005)

In the next chapter, the methodology and design for the quantitative analysis of consumption and

post-market surveillance are presented.
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3. Methodology

This chapter presents the methodology and model design for setting dynamic market policies given
observations from the post-market surveillance of a consumer product. The method provides a
probabilistic model framework for analyzing market observations and post-market surveillance of
consumer products including for example, market approved GM foods, drugs, etc., that are often

noted as having unknown post-market performance.

3.1 Problem Definition

The problems this model addresses include the absence of a reliable post-market surveillance model
for a system that is only partially observable and post-market performance of consumer products of
interest is uncertain. ,Such products include for example GM foods and the case of uncertain health
performance on the population as a whole for consumer products that have been pre-market

approved..
The objectives of this section are to provide a generic post-market surveillance model for partially

observable health performance systems, and to use the models to estimate the indication of the true

health status of the population through observations from an active surveillance system

3.2 Model Input Data and Information

A reliable and accurate surveillance model requires an accurate input data base. The input
information of the surveillance model assumes the availability of the collection of data in the

following categories:

e Identification of a specific consumer product that has been pre-market approved including its

distribution and consumption to the population or local subpopulation
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e Identification of a specific population segment of product consumers over a defined period of
time

e Estimation of the impact of consumption of consumer product and its influence on the health
of the population segment under investigation over the planning period

e Impact of alternative health policy interventions on population health, e.g., restriction of

consumption of the product to subpopulation units who are not judged to be at risk

These data are assumed elements for the development of the surveillance model and the evaluation
of alternative policy interventions designed to maintain and improve the population health status. In
this thesis, the availability of these data are taken as given. Actual data associated with illustrative
examples are not expressly collected. As such, the assumed data are used to show the development

and application of the partially observable system model.

3.3 The Model

The backbone and skeleton of this surveillance model is based on the known methods of Markov
Chains and Bayes’ theorem. These methods are used to generate, estimate, and repeatedly re-
estimate probability distributions of random variables of interest, e.g., the overall health status of a

population that is consuming a product of interest in post-market surveillance.

3.3.1 Bayes’ Theorem

Information about the estimated and partially observed health status of a population of interest is the
end result of the surveillance model. In this model, Bayes’ theorem is applied to translate the
observed information about health status into an updated probability description of the health status
for the entire population. By using the Bayes’ theorem, the health status of the population after each
observation is re-estimated using a conditional probability distribution of the health state and health

observation information.

Bayes’ theory is named for Thomas Bayes (1702-1761). Bayes’ theorem is based on conditional
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probability distributions of random variables. It suggests how to update or to revise events and to

state their relationships.

The Thomas Bayes’ theory was published after his death by his friend in 1967. When the Bayes
theorem is being stated mathematically, it has an uncontroversial and simple result in probability
theory. However, appropriate uses of this theorem in specific cases have been the subject of

continued controversy. (Spiegelhalter et al, 2004)

David J. Spiegelhalter, Keith R. Abrams, and Jonathan P. Myles define a Bayesian approach in their
book “Bayesian Approaches to Clinical Trails and Health-Care Evaluation”, as the explicit use of
external evidence in analysis, monitoring, design, explanation and reporting of a health care
evaluation. They argue that such a perspective can be more flexible than traditional methods,
because it can adapt to each unique situation. It can be more efficient, because it uses all available
evidence. It’s more useful, because it provides predictions and inputs for making decisions for
specific patients, or for public policy, or for planning research. It can be also ethical in both fully
take advantage of the experiences provided by past patients and clarifying the basis for

randomization. (Spiegelhalter et al, 2004)

Consider two separate events A and B that may occur within a base sample space. Bayesian updating
is based on considering the joint probability of both events, A and B, occurring together. While
performing an arithmetic operation on the probability of the relationship between A and B, an

updated estimate of a base probability statement will be provided (Annis, 2007).

The conditional event probability Pr (A|B) is an Updated probability of seeing event A given that
event B has already happened (Annis, 2007), where:

Pr (A) = is the probability that event A is going to happen,

Pr (B) = is the probability that event B is going to happen,

Pr (A|B) = is the conditional probability of A happening, given B has occurred,

Pr (A and B) is their joint probability (Annis, 2007), and Bayes’ theorem is written as:
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Pr (AB) x Pr (B) = Pr (A and B) = Pr (B|A) x Pr (A) )

Therefore:
Pr (A|B) = Pr (A and B) / Pr (B) )

So, the result can be derived as:
Pr (A|B) =Pr (BJA) x Pr (A)/ Pr (B) (3)

By knowing the above mathematical properties of the probability, the following rules can be

concluded:

Pr (A and B)=Pr (B and A) )
Considering this rule and rule that was expressed in equation (3), we can conclude:
Pr (B|A) =Pr(AB)/Pr(A) x Pr(B) (5)

This result explains how an initial probability Pr(B) is changed into a conditional probability Pr(B|A)

when taking into account the event A or Pr(A) is occurring.

Using the same theory, another conclusion can be driven so that

Pr (B* |A) = Pr(A[B*) / Pr(A) x Pr(B") ©)

where B” represents the event “not B”. Similarly the following equation can be obtained:

Pr (B|A) / Pr (B~ |A) = Pr (A|B) / Pr(A|B?) x Pr(B) / Pr(B*) %)

Those above equations show how Bayes theorem adepts and accomplishes those transformation

without even calculating Pr(A). This is a fundamental of a Bayes theorem (Spiegelhalter et al, 2004).

45



3.3.2 Markov Chain

A Markov Chain is a mathematical description, based on a discrete-time random process, named
after Russian mathematician Andrey Andreyevich Markov (1856-1922). In Markov Chains, the
system’s state may change to another state in a unit time, or it may remain in the same state. These
changes of state, which are described in the form of discrete state matrices, are called state
transitions. The Markov property is a term to define a sequence of states, such that the future

transition of a given current state is conditionally independent of its prior states.

Assume that the sequence of X1, X2, X3,...1s a Markov property random variable then the first order

Markov Chain obeys the condition:
Pr(X t+1 =x| Xt=xt,..., X1=x1) = Pr (Xt+1 =x | Xt=xt) (8)

where, the probability of the future state in the successive period t+1, Xt+1, depends only on the
current state of the system, Xt and is independent of its history. In this thesis, the first-order Markov
Chain property is assumed to apply to the transitions of the population’s health state in fhe
surveillance of the partially observable system, i.e., the transition of the population health state in the

successive period depends only on the current health state.

3.4 The Model Components

Consider that a given population consumes a consumer product or class of products that may affect
its health status, e.g., GM foods, in some undetermined way. Consider that the product has been
already pre-market tested and approved for the marketplace. Market exposure and consumption
could affect different segments of the populations in different ways. For example, the population is

considered to be comprised of populations of the young, the elderly, children, males and females.

The post-market surveillance model examines the impact on a population of consumers by observing

the expected impacts on the health status of the population in conjunction with the consumption of
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the products of interest. The model monitors the population health and seeks to attribute the benefits
and costs of consumption to the new market product. As such, the information from population
health observations are designed to assist in understanding post-market health impacts and, thereby
to direct market policy for the consumption of the product. For example, if a group of GM food
products are observed to not realize benefits for some segment of the population, then a revised
market protocol might consider restricting the consumption of foods by this segment as an adopted

health improvement policy.

It is understood that the actual link between consumer products, consumption, and health status is
complex. It should be noted therefore that this thesis does not make a direct link betweeﬁ product
consumption and health. However, it is assumed under idealized conditions that ceteris paribus,
health performance change may be indirectly attributed to product consumption in the population as

a whole.

Assuming the above linkages, the following subsections identify the particular model components.

These include:

1) State definitions
2) Dynamic transitions
3) Observations and

4) Reliability indicators

These model components are discussed in more detail below.

3.4.1 States

Let the vector S(t) denote the health status of a consumer’s population at time ¢. Let Si, 1 =1,2,3,4,5,
denote each element of the vector, to indicate one set of discrete “health outcome™ states attributed
to the population of interest. The health status of the population at time # (prior to the introduction of

the consumer product) is initially described by a prior probability distribution on the states of health
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from an ‘“excellent” state of health, S1 to a *“very poor” state health, S5, as follows:

Pr{Si (t)} = Probability that the population is in health status 1, for i=1,2,3,4,5.

Let S1 denote “Excellent” population health status; let S2 denote “Good” health status; let S3 denote
“Acceptable” health status; let S4 denotes “Poor” health status; and let S5 denote “Very poor” health
status. For example, let the initial probability distribution of the health status be given by P{S(t)}:

Pr{S (1)} = (0.2, 0.4, 0.2, 0.15, 0.05) (¢) )

By considering the whole population to be described generally as being in only one health state at
time t, then this vector represents the probability distribution of the population’s health outcome at
time t. It describes that there is a 20% probability that the subpopulation is in excellent condition,
40% probability of being in a good condition, 20% probability of being in an acceptable condition,
15 % probability of being in a poor condition, and 5% probability of a very poor or sick condition

for this population.

3.4.2 Dynamic Transitions

To observe the effect of the consumer product on the health status of the population, the population
is surveyed, using measures that provide a partial observation or sample of the health status of the
population in each period. Furthermore, it is assumed that the health status of the population changes
dynamically as a function of the population’s current health status and the passage of a single time

period.

It is also assumed that we have pre-market information about the population’s health status and
under this assumption we can provide a summary of the initial population’s health status before the
introduction of the consumer products into the consumer market system. Subsequent observations
about the population’s health allow us to update our estimate of the overall health status of the
population. The goal is to observe the positive or negative impact on the health status in conjunction

with the market availability of the consumer products. If the market availability of the products are
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revised and the health status changes beyond what was expected from a probabilistic perspective,
then there may be said to be a link between consumption change and overall population health status

adjustment. In this way, product consumption interventions may be devised to impact the population
health.

The surveillance system monitors the observations and the updates health status statistics. Changes
to health status may trigger policy intervention if the health status probability estimates for given
states for example exceed a preset boundary protocol. For example, if the estimated health status
deteriorates due to the consumption of the consumer products, then a new protocol restricting market
availability could be applied, thus influencing a potential change in the health status transitions of

the whole population.

Define the period-over-period state probability transition matrix, Pt, in which for each time period, t,
of the planning period, the population health status in time t depends on its state in time t-1, as per
the first-order Markov property assuned. For example, the matrix Pt below defines the period-over-

period state probability transition matrix as:

Pt =
Transition Matrix
S1 S2 S3 S4 S5
From/To Excellent Good Acceptable Poor Very Poor

S1 Excellent 0.45 0.3 0.15 0.075 0.025
S2 Good 0.2 0.45 0.2 0.1 0.05
S3 Acceptable 0.1 0.15 0.45 0.2 0.1
S4 Poor 0.05 0.05 0.15 0.45 0.3
S5 Very Poor 0.025 0.075 0.15 0.25 0.5

Table 2: Period-over-period state probability transition matrix

For instance, the health status of the population currently in state S3 has a 45% probability of staying

in this same state after one period.
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3.4.3 Observation

Assume that the health status of the population can be partially observed from a surveillance
sampling system in each time period, t. Sample observations cannot reveal the actual health status of
the whole population, but yields only partial information about the true state of the health status of
the overall population resulting in a probability vector over the health states. Assume that the
observed evidence gained by surveillance is a discrete variable, Oj(t), j=1,2,3,...k which can take on

one of a discrete set of possible observation values at time 7, {O, O;,...,Ok}(1).

The information about the actual health status of a sub-population is required to be reliable,
reputable, verifiable and a regularly accessible source. Finding such a source is a major issue for the
surveillance of a partially observable system. As noted above, obtaining information about
population health status is not an easy task. For instance, there are problems with obtaining accurate

and reliable information because data are often incomplete and fragmented.

Another problem is that the results of research are not easily available to Canadians. This issue was
pointed out by the National Task Force in 1991 (Statistics Canada, 2007b). The problems involved
in gathering information initiated a move by the Canadian Institute for Health Information (CIHI),
Statistics Canada and Health Canada to join forces to create a National Health Information

Roadmap. (Statistics Canada, 2005a)

CIHI, Statistics Canada and Health Canada use health condition, human function, well-being, and
deaths as their indicators for evaluating population health status. They use continuity, effectiveness,
efficiency and safety indicators to describe health system performance (Statistics Canada, 2005a).
The Canadian Health Information Roadmap Initiative (CHIRI), the Canadian Population Health
Initiative (CPHI), the Canadian Institutes of Health Research (CIHR), and the Canadian Institute for
Advanced Research (CIAR) are some examples of such those resource centers for a Canadian post-

market surveillance model (Public Health Agency of Canada, 2002).
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3.4.4 Reliability Matrix

The reliability matrix provides probability distributions for describing the observations about health
status that may occur assuming that the population is actually in a particular health status. Let

reliability matrix, R, represent the reliability of the state-to-observation probabilities, e.g.,

Reliability Matrix

o1 | o022 | o3 | o4 | o5 Total
$1 | Excellent 0.4 03 0.15 0.1 0.05 1
s2 Good 03 03 0.2 0.1 0.1 1
S3 | Acceptable 0.1 0.2 04 0.2 0.1 1
s4 Poor 0.07 0.1 0.28 0.3 0.25 1
R= S5 |_VeryPoor 0.03 0.1 0.17 0.3 04 1

Table 3: Sample reliability matrix

R is a conditional probability matrix, called the reliability matrix. Given a true statement of the
actual health status, Si, the rows of R represent the probability distribution across the discrete
observation possibilities, e.g., assuming that the population is actually in state S3, then there is a

10% probability that O1 will occur as the health status observation from the population sample.

3.5 Sufficient Statistic Model

This section exhibits a general description of the model process and dynamics.

As noted above in equation (5), Si(t) denotes the ith element of the health status at time t. The
probability distribution, P{Si(t)} is the probability that the population is in state Si at time t. By
Bayes’ theory, P {Si(t)|Ot} is the conditional probability of Si(t), given Ot, or in other words, it is the
probability that the health status element Si(t) is going to happen, given that information and history

about the health status is being obtained from the observation Ot. Consequently:

Pr {Si (t+1) |Ot} = Pr {Si (t+1) and Ot} / Pr (OF) (10)
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Pt is the probability transition matrix (Period-over-period matrix) and there is an observation system
in place to monitor the current information about the health status in each time period, Ot, that yields
partial data about the true state. It is supposed that the observed information obtained by monitoring
the system is a discrete variable. Therefore, it is assumed that the set of observation data can take on

one of a possible set of values at time t:
Oi(t) = {01(t),02(v),...,Ok(t)} (1)

The reliability of the obtained information about the current state of the population is critical. A
reliability matrix, R, is used to capture the reliability of the observation as a conditional probability
array. It is assumed that reliability matrix, R, corresponding to any control system is time invariant
with constant variables. By knowing the current observation at time t, Ot, the impact on the
probability distribution of the health status at time (t+1) can be updated via the efficient statistic of
equation (8):

P{Si(t)|Ot} * Pt * P{Ot|Si}
= (P{Sj(]Ot} * Pt * P{Osi} )

Pr{Si(t+1)|0t} =

(12)

where n=3 is the number of discrete elements in the health status state space.

Pr{Ot|Si} is an element of the Reliability Matrix, where the probability of seeing the current

observation is going to happen, given the health status Si of the population at time t.

Pr{Si(t)|Ot} is the updated probability of state Si at time t, given the information and history of the

state obtained from the observation at time t, Ot.
Thus, by using the knowledge of the current state, the current observation, and the probabilistic

transition, the probability of the next state can be obtained. A detailed example with a numerical

illustration of this statistical model has been provided in the following chapter.
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3.6 Gap Analysis

Consider all possible outcomes for the consumption of consumer products. There are three different

Experiments:

(1) The population health is unaffected by the consumption of the product (benchmark)
(2) The population health indicates some improvement (product consumption is Positive)

(3) The population health indicates a downside affect (product consumption is Negative)

These scenarios can be considered to be formed based on observed outcomes and on collecting data,

using health indicators, consumption rates, productions and some other data collections.

In the first two Experiments, there may be no incentive to intervene to adjust the health care status of
the population. However in last Experiment, when the population health status shows some signs of
negative impact attributed to the consumption of the product, there should be an intervention policy
to stop or to slow down the deterioration in the health status process that is linked to the

consumption of the product.

3.6.1 Benchmark Scenario

The first scenario is defined as the “benchmark”, where the population health is assumed to be
unaffected by consumption of the product. Suppose that observations for a twelve month period
include seasonal differences and their normal effect on health status. In this scenario, since the
general health is unaffected by the consumption of the product (beyond the expected seasonal shifts

in health status), the system cycles through similar descriptions of the health care states.

The vector P{S(t)} defines the health status of the population at time ¢. Time ¢ is defined for a period

of one year or twelve months, i.e., t=1,2,...12.
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The following benchmark graph (Figure 3) demonstrates the population’s health status in different
seasons, and subsequently in different months. In this illustration, the chart is divided horizontally
into five divisions or areas, representing “Excellent”, “Good”, “Acceptable”, “Poor”, and “Very

Poor” health status of a particular population in a specific time t.

To show the boundary of each area in Figure 4, these divisions are differentiated by different colour
segments, where the lower area of the chart represents the excellent condition (S1), while the upper
area of the chart represents a very poor condition (S5). In case of the benchmark scenario, the
seasonal effect on the health status of a population can be demonstrated. As time t is defined for a
period of one year or twelve months, i.e., t =1,2,...12, the boundary of the very poor condition status
has advanced vertically between (t = 5) and (t = 9). This is the period of time, between February to
June, where more often a decline in health status of a population is disseminated due to several

reasons including bad weather, and the higher probability of accidents, and reported illness.

A benchmark graph can be used as a reference to reveal the difference between boundaries of other
possible scenario graphs and to examine the effectiveness of one health related policy over others.

Figure 3 shows the benchmark graph.

GM & Bio: Benchmark - No Impact
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Figure 3: The result of a benchmark can be seen in a chart
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The following sections demonstrate the two other Experiments of the improvement and the

deterioration of a specific population at time t.

3.6.2 The Population Health Indicates Improvement

The second scenario illustrates an improvement in the health care description so that the
consumption of the product appears to have a positive impact. By collecting the data and having a
series of observations for twelve months in a year period, the seasonal differences along with an
overall improvement of health status can be observed. In this scenario, because the general health
indicates some improvement, a difference in the observation series can be seen. An illustration of

this observation is demonstrated in a chart in Figure 4.

The previous benchmark graph (Figure 3), which is used as a reference to evaluate the other possible
health scenarios, can be compared to the following positive graph, Figure 5. Through comparison
and analysis of these two graphs (Figure 3 and 4), an obvious vertical retreat on the boundary of a
very poor health status of the GM positive in Figure 5 can be observed, which is between periods
February (t =5) to June (t =9). Also, there are some obvious advances on the boundaries of the
excellent and the good health statuses, as shown in Figure 4. This is another sign of a population

health status improvement due to an effective health policy.
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Figure 4: An example of the result of a Positive heath status can be seen in the above chart
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By comparing the positive chart to the benchmark, an improvement of health status can be observed,
where the area of the “excellent” health status is advanced and the area of the “very poor” health

status is reduced.

3.6.3 The Population Health Indicates a Downside Affect

The third scenario illustrates a “negative” impact, whereby the population health description
indicates a downside affect attributed to the consumption of the product. By collecting the data and
having a series of observations for a twelve months period, the seasonal differences and the effect on
the overall health status can be observed. In this scenario, the general health indicates a downside

affect. These results are demonstrated in a chart in Figure 5.

The negative graph, Figure 6, illustrates the boundary changes contrasted to the benchmark graph. In
comparison, an obvious vertical and horizontal advance in the boundary of a very poor health status
occurs between February (t=5) to Jun (t=9). By contrast, the excellent and the good health statuses

are reduced. There is a general decline in the health status of the population in the negative scenario.
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Figure 5: An example of the result of a Negative heath status can be seen in the above chart
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In conclusion, by comparing the negative chart to the benchmark and the positive charts, we can see
advancing of “Very Poor” status and the retreat of the “Excellent” and “Good” on health status. This
comparison displays a gap between health conditions in different scenarios and suggests the need for

a policy intervention.

3.7 Policy Adjustment

By observing these illustrated results, if the population health indicates a downside affect, a preventative
policy should be adopted to arrest the health status decline. The system defines a “red line” or an
“alarm” for decision makers so that they may apply proper action before it goes far deeper than the
reduction of overall health status. To define the alarm, a health status value indicator is required. The
range of this value can be defined by the many different parameters and factors, as discussed further

below.

Define an alarm where, if the estimated probability value of the final state of S5 (very poor
condition) exceeds 0.05 in any season, then, in the subsequent period, there will be the first type of
intervention, denoted as “Low”. If S5 exceeds 0.2 in any period, there will be a second type of
intervention, which is denoted as “Moderate”. If two successive S5 bars exceed 0.2, then there will

be the third intervention, which is denoted as “Extensive”.

Figure 6 illustrates how an alarm can be activated. In the following case example in a negative
scenario, the “Very Poor” area is advanced and has passed the boundary of the 0.05 and 0.2 alarm
injust a few months between February (t = 5) to August (t= 11). This triggers a need for an extensive
intervention. Therefore, in each case, within its related simulation model, a possibility of an
intervention based on a level of alarm is evaluated and if such an alarm is needed, the intervention
and policy adjustment take place. The experimental model shows that a continuing intervention will

help to reduce or maintain a potentially negative health impact.

57



GM & Bio: Negative Impact (-)
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Figure 6: Demonstration of Alarm bars

Based on the above assumptions, we can arrange a role to implement a new policy to reverse the
situation. In this thesis for illustration purposes, three different alarms are applied to examine their

influence on health status.

3.8 Alarms

There are three types of alarms in this model: Low-alarm (Alarm 1), Moderate-alarm (Alarm 2) and
Extensive-alarm (Alarm 3). Based on every type of alarm, a new set of period-over-period
transaction matrices is defined. If the alarm is not in effect, the original state transition matrix is
applied to generate the next transition. If the alarm is turned on, and it is a type (1), a new state
transition is defined as a consequence of a health status intervention, where its states have modified
and the overall health status transitions are approximately 10% improved versus the benchmark
transitions. If the alarm is on and it is a type (2) the new state transaction is used, where its states are
modified and the overall health status 25% is considered to be improved. If the alarm is on, and it is
a type (3), then the new state transaction is used, where its states have modified and the overall

health status, the new 40% is considered to be improved. This new state transitions will influence the
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next outcome state vector in a way that they will push the states to improve. The improvement is

observed after continuing the intervention system for a few months.

3.8.1 Low-Alarm

In any month, during any season, if the very poor condition (S5) estimate exceeds the probability
estimate of 0.05 but it is still less than 0.2, then the first alarm, Low-alarm, is in effect and the new
health policy product consumption intervention is introduced such that the intervention causes an
impact in the population state transition for the next month. For example, a new health policy
product consumption intervention strategy may consist of producing labels on products advising

against consumption for subgroups of the population, e.g., those with cholesterol or heart problems.

3.8.2 Moderate-Alarm

If in any month, during any season, the very poor condition (S5) estimate exceeds the probability
estimate of 0.2, then a new alarm, Moderate-alarm, is in effect and the new policy is introduced such
that the intervention causes an impact in the population state transition for the next month. A health
policy product consumption intervention strategy of this type may be the restriction of product sales
in a limited set of retail outlets, e.g., exclude supermarket distribution and sales, but permit sales in

specialty nutrition and health stores and requiring new product labeling.

3.8.3 Extensive-Alarm

If in any month, during any season, the very poor condition (S5) estimate exceeds the probability
estimate of 0.2 in two successive period consequently, or if the Moderate-alarm is on for two
consequent months, then new alarm, the Extensive-alarm, is in effect and the new policy is
introduced to state transitions such that the intervention causes an impact in the population state
transition for the next month. For example, a health policy product consumption intervention
strategy of this type may restrict sales of the product to prescription status requiring the permission

of a doctor.
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3.9 Intervention

The intervention is a function of the probability estimate of S5. Every alarm has a different
intervention response, depending on the situation of the probability estimate for the very poor
condition, S5 at the time. The interventions have two main characteristics: They correspond to the

design of the post-market changes, and they have a specific length of intervention.

The extent of change is characterized by the type of intervention. Different interventions have been
assigned for different situations. The three interventions and responses used in this model illustration
are described as: Low, Moderate, and Extensive intervention. Each intervention is a reaction to a
specific alarm type. The intervention has an impact between 10% low to as high as 40% on health

status, as summarized in the table (Table 4) below.

Alarms Type: Interventions
Extent Length
Low Low (10% Change) One Period
Moderate Moderate (25% Change) More Than One Period
Extensive Extensive (40% Cha@ Long Term

Table 4: Table of different alarms and their related interventions

Chapter 3 described the model’s methodology, model components, gap analysis and health state
scenarios, and health state alarms triggering policy intervention strategies. Moreover, the methods
such as the Bayes’ theorem and the Markov Chain were described. The following chapter illustrates

the model used in this research with a numerical example.
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4. Models’ Illustration

In this chapter, the partially observable model of post-market surveillance and policy intervention for
the case of food product consumption and its implied health effects on a population is demonstrated.
Presentation of the model is accompanied by a numeric example. Illustrative calculations to
determine the next expected health status from partial observations or samples are shown under

alternative intervention strategies aimed at improving the population’s health status.

4.1 Models’ Components

The following information is used to illustrate the model’s example process for setting dynamic
market policies given observations from surveillance of a product consumed in the marketplace. It is
to be noted that in this illustration, data are set arbitrarily and do not imply actual cause and effect on

population health from product consumption. The model contains the following components:

(1) States (5): Representing the distribution of health status of the population. These five health
states are described as “Excellent”, “Good”, “Acceptable”, “Poor”, and “Very Poor” and designated

as states S1, S2, S3, S4, and S5, respectively.

(2) Time: Each trial occurs over a 12 month planning period, starting from October 1¥ and ending

on Sept 31st of each year.

(3) Seasonality: A year contains four seasons of three months each, Fall, Winter, Spring, and
Summer. For every season there is a predefined seasonal state transition matrix that models the
different changes in health status of the population in each season. Differences in seasonal
transitions are expected to occur as a function of the season and are not solely due to the intervention

strategy that may occur within each season.
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(4) Trials: There are 10 independent trials of 12 months in length in each scenario of the original

model.

(5) Alarms: There are three alarms that indicate the severity of the health intervention designated to
take place in a given period. These are: Low-alarm (Alarm 1), Moderate-alarm (Alarm 2), and
Extensive-alarm (Alarm 3). Each alarm is triggered by observations that affect a change in the
probability estimate of the lowest health state, S5, or the “Very Poor” health status. There are
interventions related to each level of alarm. These interventions are assumed to affect the subsequent
health state transition matrix for the population, where an approximate change of 10%, 25%, and
40% applies to the state transition matrix, according to each severity of the alarm applied. (See Table
5 below)

Alarms’ Type
Alarm's Type: | Alarm off: Type Of Alarm on: Type 1 | Alarm on: Type 2 Alarm on: Type 3
Conditions: S5<=0.05 0.05<85<0.2 S5>=0.2 Alarm 2 has been repeated
in last two time periods
Interventions: | No Intervention | 10% Intervention | 25% Intervention 40% Intervention

Table 5: Three types of alarms

The corresponding state transition matrices in response to the different type of alarms are shown in
the following Tables 6-9. These tables represent the state transitions in the Fall season (October
through December). The model has different state transitions in different seasons independent of the
triggered alarms. The changes inn the seasonal transition matrices triggered by each alarm conditions

affect the corresponding seasonal state transition matrix as described below.

In the case of No-alarm, the original, pre-specified seasonal transition matrix is used to move the
population from its current health state into the next month. For instance, Table 6 demonstrates a

single month population health state transition matrix within the Fall season, ie, between the months

of October to December.
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No-Alarm Transition Matrix-Fall

Period-Over-Period S1 S2 S3 S4 S5
From/To Excellent I Good | Acceptable | Poor I Very Poor Total
S1 Excelient 0.45 0.3 0.15 0.075 0.025 1
S2 Good 0.2 0.45 0.2 0.1 0.05 1
S3 Acceptable 0.1 0.15 0.45 0.2 0.1 1
S4 Poor 0.05 0.05 0.15 0.45 0.3 1
S5 Very Poor 0.025 0.075 0.15 0.25 0.5 1

Table 6: The No-alarm period-over-period transition matrix in the Fall season.

When an alarm occurs during a season, the transition matrix is switched, as the consequence of the
intervention in the population health, to a corresponding “alarmed” transition matrix. Depending on
the level of the alarm, the original seasonal transition matrix will be modified accordingly. This
modification is based on approximate percentage changes to the diagonal of the original transition
matrix. As shown in Table 5, the Low-level alarm causes a 10% improvement (i.e., expected shifts
into higher health states from lower health states) in the states of original transition matrix. For
instance, the probability that a good health status is going to change to an excellent health status will
improve from a 0.2 to a 0.22 percent, a 10 % improvement. However, since the total probability of
all states in a row must remain 1, the 10% change is relative to the overall health status of the
population. The following Table 7 shows a Low-alarm transition matrix in Fall that replaces Table 6
in the event of a Low-level alarm have been triggered from the previous period’s S5 probability
estimate, i.e, Pr(S5) exceeds 0.05. The health status transitions of Table 7 compared to the No-alarm

Table 6 has improved (i.e., shifted into lower health states) by approximately 10%.

Low-Alarm (Type 1) Transition Matrix-Fall

Period-Over-Period S1 S2 S3 S4 S5
From/To Excellent | Good | Acceptable I Poor | Very Poor Total
S1 Excellent 0.44 0.33 0.2 0.02 0.01 1
S2 Good 0.22 0.44 0.22 0.07 0.05 1
S3 Acceptable 0.11 0.22 0.44 0.15 0.08 1
S4 Poor 0.06 0.11 0.22 0.36 0.25 1
S5 Very Poor 0.03 0.1 0.16 0.35 0.36 1

Table 7: The Low-alarm (type 1) period-over-period transition matrix in the fall
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The same strategy on the Low-alarm system applies to the effect of a Moderated-Alarm on a
transition matrix, but with an approximate 25% improvement in the overall health status of a

population. Table 8 shows a Moderate-alarm transition matrix in fall.

Moderate-Alarm (Type 2) Transition Matrix-Fall

Period-Over-Period S1 S2 S3 S4 S5
From/To Excellent | Good I Acceptable | Poor | Very Poor Total
S1 Excelient 0.56 0.27 0.13 0.03 0.01 1
S2 Good 0.27 0.5 0.13 0.06 0.04 1
S3 Acceptable 0.15 0.3 0.29 0.16 0.1 1
S4 Poor 0.1 0.15 0.3 0.2 0.25 1
S5 Very Poor 0.08 0.1 0.15 0.25 0.42 1

Table 8: The Moderate-alarm (type 2) period-over-period transition matrix in the fall

An Extensive-alarm affects a transition matrix with an approximate 40% improvement is shown in

the following Table 9.

Extensive-Alarm (Type 3) Transition Matrix-Fall

Period-Over-Period S1 S2 S3 S4 S5
From/To [ Excellent | Good | Acceptable | Poor | Very Poor | Total
S1 Excellent 0.65 0.25 0.06 0.03 0.01 1
S2 Good 0.35 0.51 0.1 0.01 0.03 1
S3 Acceptable 0.2 0.2 0.34 0.13 0.13 1
S4 Poor 0.15 0.18 0.2 0.22 0.25 1
S5 Very Poor 0.1 0.15 0.13 0.25 0.37 1

Table 9: The Extensive-alarm (type 3) period-over-period transition matrix in the fall

(6) Graphic Output: Model output consists of an annual graph for each trial, showing the monthly
health status probability estimates distribution. There are 10 graphs for all trials in a given scenario,

and one summary probability estimates distribution graph, which is the average of all the 10

independent trial graphs for the scenario.

(7) Cost Accumulation: Each trial has a related cost associated with the cost of its population health
maintenance, and the cost of the triggered health interventions. The total cost of each annual trial is

accumulated and the final cost of ten trials is stored in a table for cost analysis.
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(8) Decision Trees: After storing the total cost for each scenario, all scenario costs are stored in a
single table for comparison. Decision trees are used to determine the best health intervention option

in each comparison trial.

4.2 The Seasonal Transition Matrices

Based on the change of each season, the health status of the population is expected to change,
independent of the product consumption. This is modeled due to a greater possibility of colds and flu
outbreaks and other seasonal illnesses in winter compared to summer, as well as spring and fall.
Therefore, the state transition probability distribution matrices are adapted according to the season.
Winter is considered as the worst case for transitions to deteriorating or poorer health status, and,
summer, by contrast, the best season for improved transitions in health status. The interventions will
occur within each state transition seasonal matrix. It is noted that data used in this illustration are set
arbitrarily and do not imply cause and effect in product consumption to health status. The seasonal
transition matrices (unaffected by intervention strategies, i.e., “no alarm”) illustrated here are found
in Tables 10 through 13 below.

Transition Matrix - Fall

State-to-State S1 S2 S3 54 S5
Excellent |  Good | Acceptable | Poor | Very Poor
S1 Excellent 0.45 0.3 0.15 0.075 0.025
82 Good 0.2 0.45 0.2 0.1 0.05
S3 Acceptable 0.1 0.15 0.45 0.2 0.1
S4 Poor 0.05 0.05 0.15 0.45 0.3
S5 Very Poor 0.025 0.075 0.15 0.25 0.5
Table10: The period-over-period transition matrix for the Fall season (October through December)
Transition Matrix - Winter
State-to-State S1 S2 S3 S4 S5
Excellent | Good | Acceptable I Poor | Very Poor
S1 Excellent 0.2 0.3 0.3 0.15 0.05
S2 Good 0.15 0.2 0.15 0.2 0.3
S3 Acceptable 0.01 0.05 0.09 0.45 0.4
S4 Poor 0.02 0.02 0.06 0.4 0.5
S5 Very Poor 0.01 0.01 0.01 0.27 0.7

Table 11: The period-over-period transition matrix in the Winter season (January through March)
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Transition Matrix - Spring

State-to-State S1 S2 S3 S4 S5
Excellent | Good | Acceptable ] Poor | Very Poor
S1 Excellent 0.27 0.22 0.15 0.16 0.2
S2 Good 0.2 0.2 0.2 0.15 0.25
S3 Acceptable 0.1 0.15 0.3 0.2 0.25
S4 Poor 0.05 0.05 0.15 0.4 0.35
S5 Very Poor 0.02 0.03 0.1 0.25 0.6

Table 12: The period-over-period transition matrix in the Spring season (April through June)

Transition Matrix - Summer

State-to-State S1 S2 S3 S4 S5
Excellent | Good | Acceptable | Poor 1 Very Poor
S1 Excellent 0.6 0.35 0.03 0.01 0.01
82 Good 0.5 04 0.06 0.02 0.02
83 Acceptable 0.2 0.35 0.15 0.08 0.22
S4 Poor 0.1 0.25 0.15 0.2 0.3
S5 Very Poor 0.05 0.23 0.1 0.22 04

Table 13: The period-over-period transition matrix in the Summer season (July through September)

4.3 Observation Model

The model process assumes that the population is in an initial (unknown) health state in order to start
generating the first observation series. Subsequent observations and states are determined based on
initial state and these influence the following generation of series and observations. The following

describes the model process. This first illustrative scenario assumed No-alarm and no interventions.

4.3.1 Initial State:

The actual initial health status is assumed for the entire population of interest. Let us assume that the
initial state (t=0) of the population is in the state 1, S1, the excellent health condition. In vector
notation, the perfect knowledge of the initial state can be expressed as a probability distribution

vector across all 5 states, as follows: (1,0,0,0,0)
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For estimation purposes, the population is divided into health status levels. The population is
estimated to be distributed among percentages of healthy and non-healthy citizens. The population is
grouped into the five different health statuses: “Excellent”, “Good”, “Acceptable”, “Poor”, and
“Very Poor”. The excellent health condition (state 1) applies to very healthy group of people and the
very poor condition (state 5) applies to the worst case health scenarios. Let the initial health state

vector be as follows: (See Table 14):

S S2 S3 S4 S5
Si(t) = 0.2 0.4 0.2 0.15 0.05

Table 14: The initial health state probability estimate

4.3.2 Initial Period-over-Period Transition

The probability of the health status in the next period is determined using the season specific
transition matrix, Pt, which describes the probable transition of the states over one month. Assuming

the period-over-period transition 5x5 matrix (Pt) as in Table 10 above (under no intervention):

The updated state probability for the monthly Fall transition can be calculated based on the above

5x5 matrix and the prior state probability distribution 1x5 vector by matrix multiplication.

Assume the actual initial health status (population in S1) and its vector distribution (1,0,0,0,0), pre-
multiplying the Table 10 probability transition matrix by the prior state vector yields the probability

that the health status in one month moves to alternative states over the Fall monthly period.

4.3.3 Next State

To simulate the model process, the next actual state can be determined randomly based on the Table
10 transition matrix by generating the state according to its probability of occurrence. This is done
by randomly generating a number between 0 and 1, and is compared to the current state row

representing the “From” state, S1 to S5. Since it is assumed that the first initial state was S1, the
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random generator value will be compared to the first row of the Table 10 matrix. For instance, if the
random number generator provides a number, say 0.001, then the next simulated actual state will be
S1; if the random number is in fact between 0 and 0.45, the next simulated actual state will be S1. If
the random number is between 0.4501 to 0.75 (=0.45 + 0.3), the next simulated actual state will be
S2, and so on. The same role applies for a random number between 0.75 and 0.9 (0.45 + 0.3 + 0.15)
to determine S3. If the number exceeds 0.9, but is less than 0.975, then the simulated next state is S4.
Finally if the number is greater than 0.975, then the simulated state will be S5.

4.3.4 First Observation (O1)

The health state of the population is under surveillance and yields observations about the health
status of the population. Such observations are a function of the actual state of health of the
population and the observation levels. Consider five different health observations and create a 5 by
5 state-to-observation matrix, or reliability matrix (also known as the maximum likelihood matrix in

Bayes’ analyses) as in Table 15 below:

Reliability Matrix

01 | 02 | o3 | o4 | o5 Total
St Excelient 04 0.3 0.15 0.1 0.05 1
S2 Good 0.3 0.3 0.2 0.1 0.1 1
S3 Acceptable 0.1 0.2 0.4 0.2 0.1 1
S4 Poor 0.07 0.1 0.28 0.3 0.25 1
S5 Very Poor 0.03 0.1 0.17 0.3 0.4 1

Table 15: The state of population under surveillance

where the cell (S1, O1) denotes the conditional probability of observing O1 given the actual state of
the system is in S1, i.e., Pr(01|S1)=0.4.

Suppose the actual state was simulated in month 1, t=1, is S3, the observation can be simulated from
a randomly chosen draw from row three of Table 15, and if the random value for example is between
0.3 and 0.7 the observation value will be O4. This observation value will be used to calculate the

updated health state estimate as a probability distribution for the subsequent period.
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The new state vector can be determined based on the initial health state probability vector (Table

14), the seasonal transition matrix (Table 10), and the current observation value. First, the initial and

period-over-period transition matrices are multiplied (Table 16):

From/To S1 | S2 | s3 | sS4 | S5
S1 0.45 0.3 0.15  0.075 0.025
S$1 S2 S3 S4 S5 S2 0.2 0.45 0.2 0.1 0.05
Si{t) = 0.2 04 0.2 0.15 0.05 X S3 0.1 0.15 0.45 0.2 0.1
{ Initial state vector } S4 0.05 0.05 0.15 0.45 0.3
S5 0.025 0.075 0.15 0.25 0.5

{ State to State Transition Matrix }

Table 16: The product of initial and period-over-period transition matrices

The result will be:
Y] S2 S3 S4 S5
Si'(t) =] 0.18875 0.27875 0.2575 0.1725 0.1025

{ Next state vector }

Table 17: The result of the product of initial and period-over-period transition matrices

Assuming the current period observation column was O4, then the new updated health state

probability vector estimate over the states, Si'(2), will be found by multiplying the Table 17 results

with the 4™ column (O4) of the observation matrix, as follows:

O1 | 02 | O3 04 05
S$1 0.4 0.3 0.15 0.1 0.05

S1 S2 S3 S4 S5 S2 0.3 0.3 0.2 0.1 0.1

Si'(t) =} 0.18875 0.27875 0.2575 0.1725 0.1025 X S3 0.1 0.2 0.4 0.2 0.1
{ Next state vector } S4 0.07 0.1 0.28 0.3 0.25

S5 0.03 0.1 0.17 0.3 0.4

Table 18: The new state matrix Si'(2) and the 4th column of the observation matrix

{ Observation Matrix }

This yields the result: 0.18075. By Bayes theorem (see equation 9 above), then every cell of the

updated state vector will be divided by 0.18075 to yield the new state vector probability estimate:
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S$1 S§2 S3 S4 S5
Sj(t) =] 0.104426 0.15421853 0.284924 0.28630705] 0.17012448

Table 19: The new state probability state matrix Sj(t)

The worst Experiment, S5 and its probability is an important element of this vector that determines
the health intervention to be applied in the next period. Since from Table 19 above, S5=0.17012 is
greater than 0.05 and less than 0.2, the alarm is turned “On” and it invokes an alarm type “1”, Low

Alarm intervention.

Alarm type “1” invokes a change in the period-over-period transition matrix based on seasonality.
Random generation of the next state will be randomly selected, assuming that alarm type (1) state

transition matrix is applied as a consequence of the health intervention (see Table 7 above).

Using the Table 7 matrix and the random generator, the next actual state in month 2, t=2 may be

generated as: S3.

Now using the Observation matrix (Table 15) and the new actual state, S3, the next observation state

in month 2 may be generated, e.g., 05, the 5™ column of the observation matrix (Table 15).

Therefore, by following the same procedure using the last state vector elements, P {Sj(t)} and using
the alarm type (1) state transition matrix relevant for the season, the next estimated state vector

Pr{S(t)} vector will be determined:

S1 Y S3 S4 S5
Sj(t) =1 0.07507157 0.20799646 0.190192 0.27464394 ] 0.25209574

Table 20: The next estimated state vector P{S(t)} in period 3.

Since the S5 in Sj(t) is greater than 0.2, the new alarm for month 3 will be set to type (2), moderate
alarm. Previously, the alarm in the previous period was type (1), low alarm. The final alarm will be
calculated based on the new and value of these alarms in the last two months. The greatest value

among these two alarms will be passed into the final alarm value. If both alarms are equal to type
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(1), the final alarm will be set to type (1); however, if both alarms are equal to type (2) twice in a
row, it will trigger the extensive type alarm (3). The Extensive-alarm (3) will be used if the
Moderate-alarm type (2) is repeated twice. In the case of repetition of the alarm type (3) in two

consequent months, the final alarm will be type (3), or Extensive-alarm.

Therefore the final alarm in this example, based on the last two months, t=1 and 2 (or October and

November) will be type (2), or a Moderate alarm intervention in t=3, December.

The same procedure will be applied to the next months of December through September, using new

alarms status and the new state transition matrices, as required.

In this chapter, the partially observable model of post-market surveillance and policy intervention for
consumption of products was demonstrated using a numeric example over the initial transitions of
the surveillance process. The following chapter applies the model process to an application of food
consumption, using obesity as the descriptor of the health state. Obesity has been considered a
serious health issue. Health surveillance of obesity is motivated by the consumption of complex

carbohydrates and modified foods.
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5. Case Study

This chapter presents a complete example of the proposed post-market surveillance model as
described in the previous chapter. The example studies a case in which post-market surveillance is
used to access evidence for the advantages and disadvantages of consumption on the health status of
a population. The case postulates how unhealthy products might impact specific aspects of the
health status of the population and how policy interventions related to product consumption can be
made to respond to negative health observations. The health status focuses on the important issue of
population obesity and assumes, for the sake of illustrating the model procedures that the
consumption of complex food products as a whole contributes to the worsening obesity condition.
To this end, reported statistics about the seriousness of obesity and the linkages of consumption and

the evidence of obesity are discussed below.

The obesity problem in our population is only partially observable, given the effective lack of
surveillance systems in place and absence of reliable prevention policies. The following sections
discuss the application of the post-market surveillance model to population consumption of complex
food products and the assumed link to the obesity health issue by attributing surveillance and control

to policy interventions.

It should be noted that links from population consumption to obesity are assumed in order to
demonstrate model procedures. It is not the purpose of this thesis to confirm or deny specific links
from consumption to obesity. Rather the purpose is to assume a probabilistic, dynamic structure to
describe the real case including illustrative, intuitive data structures. Further, the understanding of
this partially observable model helps to shape research in the area of complex population health
interactions, currently underway for the topical problem of obesity. As such, research directed at
defining model data structures provides the drivers for the analysis of actual consumption-obesity

linkages toward the ultimate use of the information in health policy analysis.
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5.1 Population Obesity

Obesity is a serious problem facing Canadians, both adults and children. During the past 25 years,
obesity rates have increased substantially in Canada and the U.S.A. (Statistics Canada, 2005a).
These countries are experiencing an epidemic of obesity and are confronted with increasing rates of
related complications. Heart disease, diabetes mellitus, elevated lipid levels, and hypertension are
only some of the most common related problems related to obesity. Much research is being done to
find the main source and causes of obesity. Apart from the impact of new technology on life styles,
and the absence of proper exercise, most scientists agree that food and diet play critical roles in

obesity (Statistics Canada, 2005a).

Statistics Canada (2004) data show that the obesity rates among children and adults have increased
substantially during the past 25 years.

“In 1978/79, 3% of children aged2to 17 were obese. By 2004, 8%, or an
estimated 500,000 children, were obese. Among adults, the growth in obesity was
even more dramatic. In 1978/79, the age-adjusted adult obesity rate was 14%. A
quarter century later, 5.5 million individuals, representing 23% of adults, were
obese. Among young people, the biggest increases in obesity rates over the
past 25 years occurred among adolescents ages 12 to 17, where the rate tripled
from 3% to 9%. For adults, the most striking upturns occurred among people who
were aged 25 to 34, and those who were 75 or older where the rates more than

doubled to 21% and 24% respectively.” (Statistics Canada, 2005a)

The Statistics Canada report, in 2004, illustrates the comparative obesity rates by age group in
Canada for 1978/79 versus 2004 based on 2005 statistics (Statistics Canada 2005a). The evidence

shows that in all age groups there is a more than doubling of the obesity rate in Canada. The report

shows an increase in percentage of the obesity rate from 3% for the age group of 12-17 years old in
1978/79 to 9% in 2004. Similarly, obesity rate in the age group of 25 to 34 years old is being more
than doubled from 9% to 21%., in age group of 75+, similarly it has increased from 11% to 24 %
(Statistics Canada 2005a).
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Similarly, research done by the Government of Alberta (2004) indicates the substantial overweight
and obesity rates among adults 20-64 years old in Canada in 2000-2001, based on sex and age

orientations, provincial locations, educations and income (Figure 7).
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Figure 7: Obesity rate in different age and race (Government of Alberta, 2004)

Obesity has been described by some researchers as an epidemic disease. This was concluded based

on the rate of change in the obese population and its magnitude, for example, as Starky (2005) states:

“In 2004, approximately 6.8 million Canadian adults ages 20 to 64 were
overweight, and an additional 4.5 million were obese. Roughly speaking, an adult
male is considered overweight when his body weight exceeds the maximum
desirable weight for his height, and obese when his body weight is 20% or more
over this desirable weight. A similar guideline holds true for women, but at a

threshold of 25% rather than 20%. Dramatic increases in overweight and obesity
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among Canadians over the past 30 years have been deemed to constitute an
epidemic.” (Starky, 2005)

The following table (Table 21), from the Starky’s research indicates a rapid increase in the

overweight and obese population in Canada from 2001 to 2004.

Overweight, Including Obese Obese
Year 2000-2001 2003 2004 2000-2001 2003 2004
Total 47 4 48.5 38.8 14.9 15.4 23.4
Men 55.6 58.1 65.2 16 16.6 237
Women 39 38.6 52.4 13.8 14.1 23.2

Table 21: The prevalence of the overweight and obesity among Canadian adults (%) (Statistics Canada, 2005)

The following section describes indications that media has influenced food consumption that have

been attributed to the noted rise in obesity.

5.1.1 Media and Food Consumption

The media has encouraged the public consumption of foods that are high in fat. According to the
November 21%°s 2006 edition of the Ottawa Citizen, a study had found that 78% of the food
advertisements during adult programming campaigns were for foods high in either fat, sodium,

cholesterol or sugar (Kirkey 2006). The same report mentions that

“Annual sales of food and beverages to children and youths were more than $27
billion U.S. in 2002 alone, and marketers are targeting children more
aggressively, more brazenly and more directly. Harvard researchers reported in
April 2006 that children consume an extra 167 calories for each additional hour of
television watching about the same amount of calories in a can of pop. The team

concluded that children eat what they watch.” (Kirkey 2006)
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The food industry does not agree with the report and they believe the blame is on children
themselves. “The industry argues they have become a punching bag for the obesity crisis and that the
problem isn’t food advertising, but that children today are less active.” (Kirkey 2006)

There is no question that obesity is becoming an increasing problem and this problem is growing.
There are health risks associated with obesity. As the obese population grows, the health risks go up.

The following section describes the health risks associated with obesity.

5.1.2 Obesity and Associated Health Risks

Health risks associated with obesity are increasing. This is evident in the declared economic impact
of obesity: “It is estimated that direct costs of medical treatments attributed to obesity were $1.8
billion in Canada in 1997 and US$75 billion in the U.S.A. each year.” (Birmingham, 1999;
Finkelstein, 2004).

Statistics Canada reported that Canadians who are obese or overweight are more likely to have
certain diseases (Statistics Canada, 1999). Table 22 below demonstrates the elevated impact of

obesity compared to the “normal weight” population for related serious diseases.

Cases: Overweight Obese
Diabetes 1.73 3.97
High blood pressure 1.86 3.26
Arthritis 1.30 2.01
Thyroid disorders 1.39 1.75
Asthma 1.21 1.59
Heart disease 1.08 1.59
Back problems 1.13 1.36

Table 22: Table of selected health characteristics ratios to compare overweight and obese with normal weight population
between aged 20 to 64 years, from source, Statistics Canada (Government of Alberta, 2004)
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These health risks resulting of obesity are in turn linked to the leading causes of death in Canada.
These leading causes of death include diabetes, cancer, and respiratory diseases. The following

section applies the partially observable to the case of consumption and obesity.

5.2 Surveillance Model for Obesity

The partially observable surveillance model is described to observe obesity in a population whose
health status is assumed to be adjusted by adjusting levels of consumption of obesity inducing foods.

Presentation of the model will be made with a numeric example.

5.2.1 Obesity Model Components

The following method is used to illustrate the model example process for setting dynamic policies
given observations from surveillance of obesity in a defined population. The model contains the

components as follows:

(1) States:

Let the vector S(t) denote the obesity status of a consuming population at time .

Let Si, i =1,2,3,4,5, denote each element of the vector, to indicate one of set of discrete “obesity
outcome™ states attributed to the population of interest. The obesity state of the population at time t

is initially described by a prior probability distribution on the states of obesity from, as follows:
Let Pr{Si (t)} = Probability that the population is in obesity state i, i=1,2,3,4,5
where S1 denotes “Fit & Healthy”, S2 denotes “Average”, S3 denotes “Heavy” S4 denotes

“Overweight”, and S5 denotes “Obese”.

(2) Time: each trial occurs over a period of 12 months, starting from October 1* to September 31*.
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(3) Seasonality: A year contains four seasons of duration 3 month each, and for every season there is a

specific state transition matrix since the health status of the population in each season differs.

(4) Trials: there are 10 trials of 12 months each for an experiment of the original model.

(5) Experiments: there are 4 separate experiments carried out on the original model corresponding to the

selection of possible health intervention strategies.

(6) Alarms: There are four alarms denoted as No-alarm (Alarm 0), Low-alarm (Alarm 1), Moderate-
alarm (Alarm 2), Extensive-alarm (Alarm 3), where each apply to a level of change in the estimate of S5,

obese health status.

(7) Interventions: there are specific interventions related to each alarm. They influence the relevant
seasonal state transition matrix, where a change of 0% (No-policy intervention), 10% (Low-policy
intervention), 25% (Moderate-policy intervention), and 40% (Extensive-policy intervention) applies to
the state transition matrix, corresponding to No-alarm (Alarm 0), Low-alarm (Alarm 1), Moderate-alarm

(Alarm 2), or Extensive-alarm (Alarm 3) respectively.

(8) Graphical Output: for each trial, a summary graphic shows the monthly health status probability
distribution estimates for the population. There are 10 graphs for each trial and one final summary graph,

which is the average of all 10 trial graphs for the experiment.

(9) Cost: The total costs of alarms and health status are calculated for a cost decision analysis.

5.2.2 Obesity Model Experiments

The obesity model is applied in four different experiments, corresponding to No-alarm (Alarm 0),
Low-alarms (Alarm 1), Moderate-alarms (Alarm 2) or Extensive-alarms (Alarm 3) and their

associated Low, Moderate, and Extensive health intervention strategies.

For simplicity, the four alarms used in this model are as a function of the single estimate of the

Pr{S5(t)}, obese health status, as described in Table 4 (Section 4.1). Each alarm has its own
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condition to trigger its intervention for improvement of the system. The conditions and intervention
levels are shown as in Table 5 (section 4.1). Interventions denote the change in the seasonal
transition probability matrices. The four intervention experiments refer to the progressively more
intrusive health intervention strategy designed to improve the population health’s status. The first
experiment uses no intervention (No Alarm), whereas the fourth experiment includes the option to
intervene with the Extensive Alarm, the most intrusive health option. The results of the alternative
health intervention experiments are described, including their respective estimated costs of

intervention, as noted below.

5.2.3 State Seasonality Transition Matrices

Based on the nature of each season, the propensity for obesity is expected to change. This is because,
for example, there is a greater possibility of gaining weight because of being inactive in winter
compared to summer as well as spring and fall. Therefore, the state transition probability matrix is
unique to that season. Winter is considered as the worst season for obesity cases and summer, by

contrast, the best health status season.

Four single period (monthly) period-over-period probability transition matrices are used to simulate
the effect of each season’s monthly changes on the health status states of a population. There are
four seasons in the year (Fall, Winter, Spring, and Summer) each with three months duration. All
probability transition matrices are stochastic matrices, i.e., their rows sum to one, and each cell {ij}
of the matrices represent the probability that state i moves to state j in the course of one month. The
Tables 10-13 (in section 4.2), are used (with the appropriate obesity health states: S1 denotes “Fit &
Healthy”, S2 denotes “Average”, S3 denotes “Heavy” S4 denotes “Overweight”, and S5 denotes
“Obese”) and showing the seasonality transition matrices used in this obesity surveillance case
study. As before, all data have been estimated by the author and are attributed to logical constructs

developed to illustrate the model.

5.2.4 Transition Response Matrices

The probability transition matrix is a key element that responds to an alarm type. When an alarm has
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been triggered, the corresponding transition matrix responds by marking the effect of the
intervention on the transition of the population with respect to health status. Therefore, for each type
alarm there is a specific probability transition matrix. These transition matrices are subject to change
according to season. As a result, each season has its own transition matrix which changes through its
alarm response. For instance, if the Low-alarm (Alarm 1) is on, the original transition matrix will
switch to a low level (10%) transition matrix compared to the current transition matrix. In the case of
a Moderate-alarm (Alarm 2), the original transition matrix will switch to a moderate level (25%)
transition matrix, and in the case of the Extensive-alarm (Alarm 3), the original transition matrix will
switch to a high level, or, 40% of the transition matrix. The 10%, 25% or 40% represents the
approximate percentage of change of the original probability transition matrix in the corresponding

season of the intervention. (See also Appendix 2 for more details)

(1) No-Alarm Transition Matrices

Tables 10-13 show the seasonal probability transition matrix example for the No-alarm case matrix

with the redefined state definitions for S1 through S5.

(2) Low-Alarm Transition Matrix

The same example above of the Fall season is used to demonstrate a Low-alarm probability matrix
with an approximate 10% change to Table 6 to improve the transition of the health status in response
to the low level policy intervention. Table 7 provides the Low-alarm probability matrix for the Fall

with the redefined state definitions for S1 through S5.

(3) Moderated-Alarm Transition Matrix

The same example of the fall season is used to demonstrate a Moderate-alarm probability matrix
with approximate 25% changes to Table 6 to improve the transition of the health status in response
to the moderate policy intervention. Table 8 provides the Moderate-alarm probability matrix for the

Fall with the redefined state definitions for S1 through S5.

(4) Extensive-Alarm Transition Matrix
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Finally, the same example of the fall season is used to demonstrate an Extensive-alarm probability
matrix with an approximate 40% change to Table 6 to improve the transition of the health status in
response to the extensive policy intervention. Table 9 provides the Extensive-alarm probability

matrix for the Fall with the redefined state definitions for S1 through S5.

5.2.5 Reliability Matrix

The reliability matrix provides probability distributions for describing the observations about health
status that may occur, assuming that the population is actually in a particular health status. The
reliability matrix, R, represents the reliability of the state-to-observation probabilities as in Table 3

for the obesity case study with the redefined state definitions for S1 through S5.

In this obesity case study, observation about the health status is the act of observing and recording
obesity related measurements for a given population. The scale of this measurement is from a very
healthy condition of the “Fit & Healthy” (S1) to a very unhealthy condition of the “Obese” (S5),

based on the weight of individuals in a given population.

Given a true statement of the actual health status, the rows of the obesity reliability matrix represent
the probability distribution across the discrete observation possibilities, e.g., assuming that the
population is actually in a “Overweight” state (S3), then there is a 7% probability that Observation

#1, O1, will occur as the observation from the population sample.

Assume that information about the actual obesity status of the population can be observed from a
surveillance system in each time period. Sample observations cannot reveal the actual obesity status
of the whole population, but yields only partial information about the true state of the obesity status
of the overall population. Actual obesity related data can be collected through hospitals, pharmacies,

clinical and family doctors’ reports.

5.3 Model Experiments
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In the previous section, the obesity model, its states, and the transition and observation matrices were

defined. This section will demonstrate the experimental obesity model and results.

5.3.1 The Alarms, Interventions and Experiments

The alarm options and related intervention strategies, which is triggered by S5 (the obesity state), are
used to define model experiments. Each experiment used varying health interventions triggered by the S5
alarms. The four experiments, as described in Table 4 represent the different alarm options and

associated intervention strategies:

e Experiment I: No-alarm model; No intervention
e Experiment II: Low-alarm model; Low intervention levels
e Experiment III: Moderate-alarm model; Moderate intervention levels

o Experiment IV: Extensive-alarm model; Extensive intervention levels

In Experiment I, No-alarm model, no alarm will be triggered. Therefore the monthly health
transitions observations, and updated obesity status probability estimates are being determined but

without any policy implementation, and without any external influences such as alarms.

In Experiment 11, Low-alarm model, the interval range of an alarm associated with a low of 0.1 and a
high of 0.3, which are 10% and 30% obesity rate for the S5 estimate. For instance, if the obesity
state, S5, is greater than or equal to 0.3, the low alarm triggers a Low intervention (10% adjustment)
applied to the relevant seasonal transition matrix. If the S5 estimate falls between 0.1 and 0.3, this
triggers a Moderate intervention (25% adjustment) applied to the relevant seasonal transition matrix.
If the S5 is less than or equal to 0.1, no alarm or intervention will be triggered. The final low-alarm
is based on an old and a new alarm, and in each Experiment it is calculated differently as shown in

Table 23 below for the Experiment II, Low-alarm model:
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Experiment II: Low-alarm modetl

Alarm's Type: | Alarm on: Type O | Alarm on: Type 1 | Alarm on: Type 2 Alarm on: Type 3
Conditions: S5 <=0.1 0.1 <S5<03 S5>=0.3 Alarm 2 has been repeated
in last two time periods
Interventions: No Intervention | 10% Intervention | 25% Intervention 40% Intervention
Final Alarm: IF (New Alarm >= Old Alarm) then: Final Alarm= New Alarm  Else: Final Alarm=0

Table 23: Alarms in Experiment II: Low-alarm model

In Experiment III, Moderate-alarm, the interval range of an alarm associated with a low of 0.05 and
a high 0.2 (instead of 0.1 and 0.3 in the Experiment II) which are the 5% and 20% obesity state
probability estimate (S5) in the population. For instance, if the obesity state, S5, estimate is greater
than or equal to 0.2, the alarm triggers a Type 2, Moderate intervention. If the S5 estimate is between
0.05 and 0.2, the alarm is low which triggers a Low or Type 1 intervention; otherwise, if the S5
estimate is less than or equal to 0.05, no alarm will be triggered. The Experiment III, Moderate-

alarm and intervention model is summarized in Table 24 below.

Experiment lil: Moderate-alarm

Alarm's Type: | Alarm off: Type 0} Alarm on: Type 1 | Alarm on: Type 2 Alarm on: Type 3
Conditions: S5 <=0.05 0.05<85<0.2 S5>=0.2 Alarm 2 has been repeated

in last two time periods

Interventions: | No Intervention | 10% Intervention | 25% Intervention 40% Intervention
Final Alarm: |If (New Alarm >= Old Alarm), Then: Final Alarm = New Alarm, Else: Final Alarm =0

Table 24: Alarms in Experiment I1I: Moderate-alarm model

In Experiment IV, Extensive-alarm, the interval range of an alarm, similar to Experiment 1II, and is
associated with a low of 0.05 and a high of 0.2 probabilities of obesity rates (S5) in the specified
population. Although the interval range of alarms in Experiment IV is the same as Experiment III,

its final alarm is different. See Table 25 for Experiment IV, Extensive-alarm model details.
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Experiment IV: Extensive-alarm

Alarm's Type: ]Alarm off: Type 0 | Alarm on: Type 1 Alarm on: Type 2 Alarm on: Type 3

Conditions: S5 <=0.05 0.05<85<0.2 85>=0.2 Alarm 2 has been repeated in last
two time periods

Interventions: No Intervention 10% Intervention 25% Intervention 40% Intervention

Final Alarm:

Then Final Alarm Type = 3,
Else:Final Alarm = Olds Alarm

If: (New Alarm > Oid Alarm), Then: Final Alarm = New Alarm,
Else If: {(NCW Alarm = Old Alarm) AND ((New Alarm Tvoe = 2) OR (New AlarmTvoe =3}

Table 25: Alarms in Experiment I'V: Extensive-alarm model

5.4 Experimental Analysis and Results

In this section numerical results are presented for the different experiments defined above.

5.4.1 Experiment I: No-Alarm Model

As was described in the last section, the updated state is calculated at the end of each month. By

repeating the same process for the consecutive twelve months, a final table for the health status of all

twelve months in a one year trial period is found. Table 26 below demonstrates the twelve months

health status for the obesity model without any alarm for one trial.
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Months

Experiment 1. No-alarm scenario

States
Fit & healthy | Average Heavy Overweight Obese
S1 S2 S3 S4 S5

Oct 0.38 042 0.13 0.06 0.02 1
Nov 0.32 0.40 0.21 0.05 0.03 2
Dec 042 041 0.12 0.04 0.01 3
Jan 0.08 0.09 0.21 0.36 0.25 4
Feb 0.09 0.11 0.13 0.29 0.38 5
Mar 0.01 0.01 0.02 0.30 0.66 6
Apr 0.01 0.02 0.09 0.36 0.52 7
May 0.10 0.12 0.19 0.24 0.35 8
Jun 0.18 0.19 0.19 0.19 0.26 9
Jul 0.59 0.35 0.03 0.02 0.01 10
Aug 0.57 0.38 0.03 0.01 0.01 11
Sep 0.57 0.38 0.03 0.01 0.01 12

Periods

Table 26: The table of twelve months health status for the Experiment I: No-alarm scenario.

Figure 8 below shows the representation graph for this single Experiment I trial.

Experiment I. No-alarm
Scenario States Charts

State
Conditions
100%

Months

Figure 8: The graph for a singie trial of the Experiment I: No-alarm scenario.
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Figure 9 for Experiment I: No-alarm scenario reveals that the obese (S5) state has covered a vast
area of the graph. It has approximately covered more than 60% of total graph area, and has advanced
more in some specific periods, specifically between the months of January to June. Also, as it is
displayed in this graph, January, February, and March are the worst case obesity-related months,
where the S5 has passed both alarm trigger lines of Type 1 (low alarm) and Type 2 (moderate alarm)
even though both alarms are “off” in this model, i.e., they do not trigger a health intervention. This
graph can demonstrate a case without an intervention policy and any alarm system, in which higher

levels of obesity is being spread throughout the population.

The same procedure described above is repeated for ten independent trials. All the ten corresponding
trials are collected and their following graphs are found in Appendix 2 (Experiment I: No Alarm

Trials).

Generally the ten different trials show similar results, even though the S5 distribution in each trial is
different from one another. The overall average shows that the S5 has bigger area in the winter
season in comparison with other seasons. The averages of all the ten final health status trials are

found in Table 27.

Average of 10 Trials for the Experiment I. No-alarm Scenario

States
Fit & healthy] Average | Heavy | Overweight| Obese
S1 S2 S3 S4 SS
Oct 0.16 0.25 0.29 0.19 0.11 1
Nov 0.15 0.23 0.27 0.20 0.14 2
Dec 0.14 0.21 0.24 0.23 0.18 3
Jan 0.03 0.04 0.11 0.37 0.46 4
Feb 0.05 0.05 0.06 0.36 0.47 5
Months | Mar 0.01 0.01 0.05 0.37 0.56 6 Periods
Apr 0.04 0.05 0.14 0.34 0.43 7
May 0.11 0.10 0.11 0.28 0.39 8
Jun 0.10 0.11 0.16 0.26 0.36 9
Jul 0.30 0.32 0.11 0.11 0.16 10
Aug 0.39 0.35 0.09 0.07 0.10 11
Sep 0.52 0.36 0.07 0.03 0.02 12

Table 27: The summary table of ten health status trials for Experiment I: No-alarm
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Similarly, the final average chart, Figure 9, represents the results of all the ten trials’ monthly health
status estimates for Experiment I: No-alarm. The average of all ten trials has similar results compared
to the first trial that was previously described. The winter and spring seasons account for the obesity

distribution in the graph, and overall, the state of obesity has advanced over 60% of the population.

Experiment I. No-alarm

Average of all 10 Trials
100%
80% W S5
60% Os4
States 03
40% B S2

0%

1 2 3 4 5 6 7 8 9 10 11 12
Months

Figure 9: The average of all ten trials graph for Experiment I: No-alarm scenario.

5.4.2 Experiment II: Low-Alarm Model

The same procedure for Experiment I: No alarm is followed for Experiment II, Low-alarm scenario.
The following table (Table 28) demonstrates the results for a single trial of the twelve months health

status for the Experiment II, Low-alarm:
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Experiment II. Low-alarm

States
Fit & healthy Average Heavy Overweight Obese
S1 S2 S3 S4 SS
Oct 0.10 0.15 0.28 0.29 0.17 1
Nov 0.07 0.11 0.28 0.28 0.26 2
Dec 0.05 0.09 0.25 0.34 0.27 3
Jan 0.01 0.02 0.03 0.30 0.65 4
Feb 0.00 0.01 0.02 0.27 0.70 5
Months | Mar 0.05 0.05 0.10 0.31 0.50 6 |Periods
Apr 0.05 0.08 0.27 0.35 0.26 7
May 0.03 0.04 0.12 0.34 0.47 8
Jun 0.03 0.04 0.13 0.36 0.45 9
Jul 0.16 0.24 0.05 0.17 0.39 10
Aug 0.21 0.26 0.04 0.14 0.35 11
Sep 0.67 0.29 0.02 0.01 0.01 12

Table 28: The table of twelve months health status for Experiment II: Low-alarm scenario.

The results (for the single independent trial of Table 28) are demonstrated in the following graph
(Figure 10):

Alarm
(Alarm Less than 10%
0): changes
Experiment Il. Low-alarm Scenario
States Charts
100%
90%
State Cgpgeiti
% =hd| Y More than 10%
60% Tt Alarm ore than 10%
50% | lngs|| (Alarm  and less than 30
. 0,
40% ‘ | e 1): % changes
30% . @ st
20% .
10% . .
0% bl . . . ' Alarm
1 2 3 4 5 6 7 8 9 10 11 12 (Alarm More than
Months 2): 30% changes

Figure 10: The graph for Experiment I: Low-alarm scenario.
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The above graph for Experiment II, Low-alarm scenario is compared with the previous case of No-
Alarm scenario. In comparison, the obese (S5) state has covered a larger portion of the population;
however there are some improvements in some periods in winter and spring seasons, specifically
between the months of January and June. The S5 estimates have still triggered alarms Type 1 (low)

and Type 2 (moderate) in both experiments.

By repeating the exercise for ten randomly generated actual state transitions and observation
monthly trials, the corresponding graphs are found in Appendix 2 (Experiment II: Low Alarm

Trials).

By taking the average of all ten trials, we illustrate the results in one single table, and obtain the

following average table (Table 29) for the Experiment II, Low-alarm:

Experiment II: Low-alarm (Average)

States

Fit & healthy | Average Heavy Overweight Obese

S1 S2 S3 S4 S5
Oct 0.24 0.33 0.22 0.13 0.08 1
Nov 0.22 0.29 0.28 0.14 0.07 2
Dec 0.31 0.36 0.20 0.08 0.04 3
Jan 0.13 0.11 0.09 0.28 0.39 4
Feb 0.07 0.05 0.05 0.31 0.52 5

Months | Mar 0.02 0.02 0.07 0.35 0.53 6 |Periods

Apr 0.11 0.12 0.21 0.30 0.26 7
May 0.12 0.11 0.14 0.27 0.36 8
Jun 0.12 0.12 0.13 0.27 0.36 9
Jul 0.43 0.34 0.07 0.07 0.09 10
Aug 0.50 0.36 0.05 0.04 0.05 11
Sep 0.52 0.37 0.05 0.03 0.03 12

Table 29: The average table of ten health status trials for the Experiment II: Low-alarm

The final average chart represents the result of all the ten trials health status for Experiment II, Low-

alarm.
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Experiment I1: Low-alarm scenario
Average of all 10 Tables

100%
80% W S5
0 0s4
States 60% 0S3
40% ES2
20% B S1

0%

1 2 3 4 5 6 7 8 9 10 11 12
Months

Figure 11: The average of all ten trials’ graph for the Experiment II: Low-alarm

By comparing the graph of the average of the ten trials for the last two experiments, the Experiment
I, No-alarm and the Experiment II, Low-alarm, little improvement on the S5 state of the obesity can
be observed. The S5 estimate in some periods has reduced slightly, indicating an improved health
status for the population. This demonstrates the slight advantage of using a more responsive alarm

system.

5.4.3 Experiment III: Moderate-Alarm Model

The same procedure for the Experiment I1I, Moderate-alarm scenario was applied and the results are
documented below. Table 30 presents the results for a single trial of the twelve months health status

for the Experiment I1I: Moderate-alarm.
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Experiment I11. Moderate-alarm

States
Fit & healthy Average Heavy Overweight Obese
S1 S2_ S3 S4_ S5
Oct 0.11 0.22 0.41 0.19 0.07 1
Nov 0.08 0.17 0.44 0.23 0.08 2
Dec 0.07 0.16 0.44 0.24 0.09 3
Jan 0.21 0.23 0.13 0.28 0.15 4
Feb 0.02 0.03 0.04 0.30 0.61 5
Months Mar 0.06 0.07 0.11 0.29 0.47 6 Periods
Apr 0.02 0.04 0.07 0.30 0.58 7
May 0.01 0.03 0.06 0.30 0.60 8
Jun 0.02 0.03 0.12 0.37 0.46 9
Jul 0.59 0.35 0.02 0.02 0.01 10
Aug 0.45 0.40 0.10 0.03 0.02 11
Sep 0.64 0.33 0.02 0.01 0.00 12
Table 30: The table of ten months health status for the Experiment III: Moderate-alarm
The result is also illustrated in the graph of Figure 12:
Experiment Scenario ITI. Moderate-alarm
Average of all 10 Tables
100%
States 80% =S5
60% O s4
40% . 0s3
B S2
20% f st
0% o L . L
1 2 4 6 7 8 9 11 12
Months

Figure 12: The graph for the experiment I1I: Moderate-alarm scenario

By repeating the exercise for ten randomly generated actual state transitions and observation
monthly trials, the corresponding graphs are found in Appendix 2 (Experiment III: Moderate Alarm
Trials).
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Averaging all ten final health status trials and putting them in one single table, Table 31 is obtained for

Experiment III, Moderate-alarm:

Experiment ITI: Moderate-alarm

States
Fit & healthy | Average Heavy Overweight Obese
S1 S2 S3 S4 S5
Oct 0.15 0.24 0.31 0.20 0.10 1
Nov 0.18 0.26 0.30 0.17 0.09 2
Dec 0.18 0.26 0.28 0.17 0.11 3
Jan 0.09 0.09 0.13 0.34 0.36 4
Feb 0.09 0.08 0.08 0.29 0.46 5
Months | Mar 0.06 0.05 0.08 0.32 0.49 6 |Periods
Apr 0.14 0.16 0.17 0.24 0.28 7
May 0.13 0.14 0.15 0.25 0.33 8
Jun 0.09 0.11 0.22 0.29 0.29 9
Jul 0.37 0.30 0.09 0.10 0.14 10
Aug 0.54 0.34 0.04 0.03 0.05 11
Sep 0.55 0.37 0.04 0.02 0.02 12

Table 31: The table of ten health status trials average for the Experiment I1I: Moderate-alarm

The final average chart illustrated in Figure 13 represents the results of all the ten trials of health status

for the Experiment III, Moderate-alarm.

Experiment II1. Moderate-alarm

scenario

B S5
0S4
oS3
HS2
S

States

1 2 3 4 5 6 7 8 9 10 11 12
Months

Figure 13: The graph of the average of all ten trials for the Experiment III: Moderate-alarm
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Comparing the average graph for the last three Experiments (No-alarm, Low-alarm and Moderate-
alarm scenarios), an obvious improvement on the S5 state estimate of the obesity is observed. The
S5 estimate in Experiment III has declined sharply compared to a No-alarm scenario and it has
improved slightly compared to the average results for Experiment II. This demonstrates the

population health advantage of using the Moderate-alarm system over a Lower-alarm case.

5.4.4 Experiment I'V: Extensive-Alarm Model

The final results for Experiment IV, Extensive-alarm scenario is given in this section. Table 32
demonstrates the results of a single trial of the twelve months health status for the Experiment ['V:

Extensive-alarm.

Experiment IV: Extensive-alarm
States

Fit & healthy Average Heavy Overweight Obese
S1 S2 S3 S4 S5
Oct 0.10 0.15 0.28 0.29 0.17 1
Nov 0.07 0.11 0.28 0.28 0.26 2
Dec 0.10 0.18 0.37 0.20 0.15 3
Jan 0.03 0.03 0.11 0.35 0.49 4
Feb 0.02 0.04 0.14 0.45 0.34 5
Months Mar 0.19 0.19 0.12 0.33 0.18 6 Periods
Apr 0.13 0.14 0.29 0.25 0.19 7
May 0.11 0.14 0.30 0.27 0.18 8
Jun 0.08 0.08 0.16 0.32 0.36 9
Jul 0.56 0.34 0.04 0.03 0.03 10
Aug 0.72 0.27 0.00 0.00 0.00 11
Sep 0.74 0.26 0.00 0.00 0.00 12

Table 32: The table of ten months health status for the Experiment I'V: Extensive-alarm

The results of Table 32 are also demonstrated in Figure 14.
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Experiment IV. Extensive-alarm Scenario
100% States Charts
(]
States 80% | ! —r
60% L 1S4
o . — 0 Ss3
40% ‘ \ V B S2
20% - = T | = . . S1
0% oS - D ”\f SR - - % e SN e
1 2 3 4 5 6 7 8 9 10 11 12
Months

Figure 14: The graph for the Experiment IV: Extensive-alarm scenario.

Repeating the exercise for ten randomly generated actual state transitions and observation monthly
trials, yields the results and corresponding graphs found in Appendix 2 (Experiment IV: Extensive

Alarm Trials).

By averaging all of the ten final health status trials, and putting them in one single table, the following

average table (Table 33) is obtained in the Experiment IV, Extensive-alarm:

Experiment IV: Extensive-alarm (Average)

States
Fit & healthv] Average Heavy Overweighﬂ Obese
S1 S2 S3 S4 S5

Oct 0.20 0.30 0.25 0.15 0.09 1

Nov 0.20 0.27 0.25 0.15 0.12 2

Dec 0.21 0.30 0.25 0.13 0.12 3

Jan 0.09 0.08 - 0.12 0.32 0.40 4

Feb 0.07 0.06 0.09 0.34 0.43 5 Periods
Months | Mar 0.04 0.04 0.07 0.34 0.52 6

Apr 0.15 0.15 0.16 0.25 0.28 7

May 0.32 0.24 0.12 0.14 0.18 8

Jun 0.33 0.26 0.14 0.12 0.15 9

Jul 0.64 0.28 0.03 0.03 0.03 10

Aug 0.73 0.26 0.00 0.00 0.00 11

Sep 0.71 0.28 0.00 0.00 0.00 12

Table 33: The table of ten health status trials average for the Experiment IV, Extensive-alarm
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The final average chart illustrated in Figure 15 represents the average results of all the ten trials of

health status for Experiment IV, Extensive-alarm.

Experiment IV. Extensive-alarm Scenario Graph
Average of all 10 Tables

100%
80% H S5
States 60% 0S4
40% 053
() i S2
20% S1
0%

1 2 3 4 5 6 7 8 9 10 11 12

Figure 15: The graph of the average of all the ten trials for the Experiment I'V: Extensive-alarm

By comparing the graph of the average of all the ten trials for the last four Experiments (No-alarm,
Low-alarm, Moderate-alarm and Extensive—alarm), a sharp improvement of the S5 state of obesity
from Experiment IV, Extensive—alarm, can be observed. The S5 estimate in Experiment IV has been
reduced sharply compared to the other experimental results. As it can be observed in Figure 15, the
S5 has disappeared in the two months of August and September and, instead, the state of the Fit &
healthy, (S1), has advanced exclusively in last five months of the year. This demonstrates the
potential health advantage of the Extensive-alarm system compared to the other intevention
strategies.. However, while the potential effect of more intensive health interventions are obvious,
health improvements must also take into account the cost of the interventions in order to construct
viable health policy strategy. The costs results of these experiments are modelled for decision

making purposes in the next section.
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5.5 Experimental Conclusions

The previous section showed the results of all four different experiments:
L No-alarm (Baseline)

II. Low-alarm

II.  Moderate-alarm

Iv. Extensive-alarm

By comparing the results of the modeled experiments, it is observed that as the level of alarms is
elevated, the health status in terms of the probability estimates in heavy (S3), overweight (S4) and
obese (S5), are also improved, i.e. reduced. In other words, the Extensive-alarm model has a higher
area of improvement in S3, S4, and S5, compared to the experimental results for the Moderate-
alarm. Similarly, the Moderate-alarm shows an improvement in compared to the Low-alarm or No-
alarm models. From a probabilistic perspective, as expected, the system of policy implementation
based on higher levels of alarms improves the health status and obesity state measures. (See

Appendix 3 for details on comparison results)
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Experiment Scenario 1. No-alarm model

Average of all 10 Tables
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Figure 16: Demonstration of graphs for all the four experiments
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While the experimental simulation in all four models conclusively demonstrated the advantages of
using alarms and policy implementations, the economic cost of these interventions needs to be
analyzed. The costs of using different types of alarms and policy interventions are not the same for

the each experiment.

Initial results might suggest that the No-alarm model with no policy intervention has lower (i.e.,
zero) intervention costs in comparison with the other strategies. The improvement of health status
and the reduced cost of dealing with obesity from higher levels of alarms however could save health
care costs and bring overall costs down. In order to investigate the cost implications of alternative
policies, a simple decision analysis method is carried out to calculate the best expected value

decision for lowering total costs. Decision tree analysis is used to illustrate this in the next section.

5.5.1 Decision Analysis

Decision analysis plays an important role in finding a cost efficient policy intervention method.
Decision tree analysis is used to determine the minimum total expected cost scenarios. The expected
value of each scenario is calculated by estimating the cost of each strategy and its related costs of
policy intervention for the No-alarm strategy, the Low-alarm, Moderate-alarm, and Extensive-alarm
strategies. It is assumed that there is a monthly cost of maintaining the population in each health

status.

Different health status measures have their own health related costs in the population. Obviously, a
healthier population has a lower monthly health maintenance cost compared to the more costly
unhealthy population. Obesity, State S5, has the highest monthly maintenance costs within the health
system. Taking into account all of the above related cost issues, the four intervention policies are

compared to find the expected annual costs minimal policy as described in the next section.

5.5.2 Cost Analysis

Cost is an important factor for any decision-making strategy. The analysis and evaluation of the

intervention strategies includes the costs attached to each experiment. Based on data estimated from
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Health Canada statistics, the costs related to each population health status can be estimated and
applied to evaluate the periodic cost impacts of each intervention and subsequent health states. For
this cost estimation, the population is based on the latest statistical data where Canada’s population
was estimated to be 33,098,932 in July 2006 (CIA, 2007).

The Fraser Institute in December 2006 forecasted that heath care spending in Canada for 2006 was
$148 billion, or $4548 per person (Esmail, 2006). The 2007 report by the same institute reports that
average per-capita provincial/territorial health spending in Canada was about $2,630 in 2004. This
spending for Canadian, aged 65 to 74, was about $5,865, and for aged 75 to 84 was roughly $10,342,
and on those 85 years of age and older was $19,418, based on CIHI, 2006 (Skinner, B. and Rovere,
M. 2007). The cost of obesity-related diseases in the Canadian health care system could be very
high, however, the precise cost of obesity and its related diseases are unknown. Based on the Fraser
Institute information, however, it is assumed to be $2000 per person per year. This estimated health
cost is used to determine the attributable Canadian population health cost in a year related to the

current analysis on obesity (and excluding other health costs not related to the active population), as

follows:

Health Care Cost / person/Year: $2000 (based on $4548/person/year)
Health Care Cost / Population/Year: $2000 x 33,098,932 = $66,197,864,000
Health Care Cost / Population/month: $66,197,864,000 + 12 = $5,516,488,667

Based on this estimate, the monthly maintenance health cost across the Canadian population is $5.5
billion. Since the degree of obesity is different within the population, this cost is distributed among
that population. Table 34 shows how the monthly maintenance health costs are attributed to each

health care state. The scale is based on the obesity Health Care Cost (HCC) per total population per

month:
HCCII-’oplm Assumed Portions /Scale Round value per Million
Fit & healthy $5,516,488,667 0.25 $1,379
Average $5,516,488,667 0.55 $3,034
Heavy $5,516,488,667 1 $5,516
Overweight $5,516,488,667 2 $11,033
Obese $5,516,488,667 4 $22,066

Table 34: The scale of the obesity Health Care Cost (HCC) per total population per month
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Therefore the estimated cost is defined in a vector (Table 35) as follows:

S1 S2 S3 S4 S5
Fit & Healthy | Average Heavy Overweight Obese
$1,379 $3,034 $5,516 $11,033 $22,066

Table 35: Obesity and its health costs estimates

Cost estimates are used to evaluate the effective health status costs implicated by the health policy
over the 12 months in each trial. Monthly probability estimates for each state are used to attribute the

relative health costs. As such, alternative health intervention strategies and results can be compared

to advice health policy.

Total annual policy costs include: (1) the annualized cost of the monthly health status maintenance,
and, (2) the costs of policy health interventions in the course of the year. These are described in
further detail below. (See Appendix 4 for details on cost analysis). The annual alarm or policy
intervention cost depends on the intervention level (low, moderate, or extensive) that may occur in
each month and the unit costs of each intervention. The cost of each alarm intervention is estimated

to be a quarter of each of the S3 (Heavy) maintenance costs, the S4 (overweight) maintenance costs,

and the S5 (obese) maintenance costs, for each intervention, i.e.,

Alarm type #1 (Low-alarm) monthly costs: S3/4 = $5,516/ 4 = $1,379

Alarm type #2 (Moderate-alarm) monthly costs: S4/4 = $11,033/4 = $2,758
Alarm type#3 (Extensive-alarm) monthly costs: S5/4 = $22,066/4 =$ 5,517

Therefore, by knowing the total number (months) of each alarm’s occurrences in one year, the total

cost of using alarms can be calculated. Table 36 demonstrates the total cost of alarms in a year in the

Experiment IV extensive intervention scenario.
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Total Alarm 1

Total Alarm 2

Total Alarm 3

Trial# 1 0 1 8
Trial # 2 1 1 8
Trial # 3 3 1 8
Trial # 4 1 2 9
Trial# 5 0 1 9
Trial # 6 2 1 9
Trial # 7 1 1 8
Trial# 8 0 1 8
Trial# 9 1 1 10
Trial # 10 1 1 8
SUM: 10 11 85

X 1379 2758.25 5516.5

= Total Alarm 1 Total Alarm 2 Total Alarm 3
Sub-Total 13790 30340.75 468902.5

Table 36: Demonstration of total alarm costs in an extensive intervention scenario

Total Alarm costs:
Trial # 1 46890.3
Trial # 2 48269.3
Trial # 3 51027.3
Trial # 4 56544
Trial # 5 52406.8
Trial # 6 55164.8
Trial # 7 48269.3
Trial # 8 46890.3
Trial # 9 59302.3
Trial # 10 48269.3
Total: 513033
Total Alarms' cost:
513033.25

Based on the same health maintenance cost vector for each intervention, the total annual health cost

can be calculated. (See Appendix 4 for details on cost analysis.)

The final total health costs are added to the final cost of the alarms in every single trial in every scenario

for comparison. Then the total health cost (monthly maintenance and intervention) of each trial can be

calculated as in Table 37 for 10 independent trials of each experiment.

[NarmCost |

Trid #1 Trid #2

Trid #3 Trid #4

Trid #5 Trial #6

Trid #7

Trid #8

Triad #9 Tria #10 Total

1 No-alarmmodel
1L Low-alammmode]
. Moderate-alarm
V. Extersive-alam

$0.00
$9,65375
$16540.50
$53785.75

$0.00
$9,653.50
$22,066.00
$51,027.25

$0.00
$1517025
$13,791.00
$51,027.25

$0.00
$19,307.50
$19,307.75
$53,785.75

$0.00
$13720.75
$1517025
$48,260.25

$0.00
$11,032.75
$16540.50
$46,890.25

$0.00
$1.0R75
$26203.25
$46890.25

$0.00
$1792825
$15170.25
$51,027.25

$0.00
$19,307.75
$22,066.00
$55,164.75

$0.00
$9,653.75
$24,80425
$48,269.00

$0.00
$136,531.00
$191,697.75
$506,136.75

[Feath Cost_ |

Tria #1 Trid #2

Trid #3 Trid #4

Trid #5 Trial#6

Tria#7

Triak#8

Tha#9 A #10 Tod

L. No-alarmnodel

1L Lowalammodel
11, Mbderate-alarm
TV. Extersive-alarm

$12256333
$10222269
$94530.68
$108820.70

$120,330.83
N85
$131,34008
$102,333.36

$131,280.69
$122,536.41
$106,826.86
$105,699.31

$107,519.18
$13R36.76
$109,561.96
$118165.50

$127.272.02
$108,137.60
$107,839.61
$110,008.57

$2514.04
$95634.37
$109,730.12
$10047426

$127,01814
$96,195.07
$134371.72
$87,606.72

$122981.88
$134946.65
$100,340.84
$94,604.06

$103947.42
$134,853.67
$107,431.66
$120,145.04

$105841.49
$98974.84
$130403.82
$111,668.68

$1,180,319.03,
$1,117,656.58|
$1,132485.37)
$1,099,62522

Tota Cost |

Trid #1 Trid#2

Trid #3 Trial #4

Trigd #5 Trid #6

HART

TR #8

“Ta#9 _ Tna#10 Tl

L No-alammmodel

1. Lowralammmodel
. Mbderate-alarm
V. Extersive-alarm

$122.563.33
$111,87644
$111,080.18
$162,61545

$139,38083
$101.46202
$153,406.08
$153,360.61

$131,280.69
$137,706.66
$120,617.86
$156,726.56

$107,519.18
$151,654.26
$128,869.71
$171,951.25

$127,21202
$121,928.35
$123,009.86
$158,277.62

$92,514.04
$106,667.12
$126288 62
$147,364.51

$127,018.14
$107,227.82
$160,574.97
$134,586.97

$122981.88
$152,87490
$115520.09
$145631.31

$10394742  $105841.49
$15416142  $108,628.50
$12049766 $155318.07
$175,300.79 $150,937.68

$1,180,319.03
$1,254187.58
$1,324183.12
$1,565,761.97]

Table 37: The table of health costs for four experiments and 10 independent trials for each.
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A decision-making tree is used to find the cost minimizing experiment for each comparative trial run
from 1 to 10. A final decision tree determines the final decision in each simulated trial run. (See

Appendix 5 for details on cost decision)

5.5.3 Decision Tree

The previous section demonstrated the total cost in ten trials of all four Experiments (No-alarm,
Low-alarm, Moderate-alarm and, Extensive-alarm scenarios), in a case study for the obesity
example. By using a decision-making tree, the final costs for each experiment will be compared and
a final decision for the cost minimizing strategy will be determined across all 10 trials. This final
decision will be based on the lowest total cost. The results are based on simulated health status trials,
where the outcome for each simulated trial may differ from other simulations. (See Appendix 5 for

details on cost decision.)

Figure 17 shows the decision tree used for one of the 10 trials.

SunTotal Totl oost Ao Totd Heelth Care Cost:
s Smioa ot os A Totd Mt G st
A e T = | P + $146145
Otirvel Solution ( Trial #7) e
Dedsionbetweenall four scererios,
BVdtee= -
Total oost Aam Total Health Care Cost:

+

s

Figure 17: Demonstration of a decision tree in one example trial
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Figure 18 demonstrates a decision tree where, the updated total health costs of all four different
scenarios: No-alarm, Low-alarm, Moderate-alarm, and Extensive-alarm scenarios in Trial #7 are
displayed. This decision tree adds the final costs of alarms and the health costs in the first trial and
compares the total health costs with each other. The Experiment I, No-alarm model, is the lowest
cost of all the four Experiments in this first trial. By considering an alternative optimal solution, the
decision is made without considering the No-alarm scenario option. This alternative optimal solution
favours the Low-alarm model as its lowest cost alternative option among the models with alarms. As

a result, the best option is being introduced among the models with alarms only.

The results of the ten different decision trees for the ten different independent trials of the four

Experiments, is summarized in Figure 18.

Intervention Chart

$180,000.00
$160,000.00

$140,000.00 é

$120,000.00

Policies’ $100,000.00

Costs  80,000.00

$60,000.00
$40,000.00
$20,000.00 g

$0.00- ~ :
Trial#1  Trial#2 Trial#3  Trial#4  Trial#5 Trial#6 Trial#7 Trial#8  Trial#9  Trial#10

Trials Series

1[3 Aggressive Intervention £ Moderate Intervention B Low Intervention & No-Policy Intervention

Figure 18: The cost related charts of each trial for all four experiment models.

Figure 18 shows the cost related charts of each trial for all four experiment models. It is obvious that

the Experiment IV, extensive model has very high total costs compared with all the other
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experiments. The lowest cost, in most cases, is the Experiment I, No-alarm or no policy intervention

model. The result of the ranking of each experiment may vary in each simulation.

A final decision tree adds the total alarm costs and the health costs of all the Experiments. The
results are finalized in one single decision tree to find an optimal solution with an alternative case
solution similar to the single trial decision trees. The final decision tree, as shown in Figure 19, is
based on the total cost in all trials. The total (or averaged) cost results yield the same cost
minimizing decision options as noted in trials (#2,5 and 9) of Figure 18 and for the single trial

described in Figure 17.

Total cost Alam: Total Health Care Cost: Sum Total:

- e R

No Policy Intervention

Optimal Solution: &
Decision between alf f i d
EVoftree = B

ﬁy/‘»“‘( |

Total cost Alamt: Total Health Care Cost: Sum Total:

Low Intervention [ $tarsea] + [ 5149,632,75|:
[

Total Health Care Cost: Sum Total:

1 + [ Sasam122) : $314,792.97
|

Total cost Alarm: Total Health Care Cost: Sum Total:

S - [ I

Aggresive Intervention

Figure 19: Decision tree for total costs over all ten trials.

This chapter presented an application for the proposed post-market surveillance model as an
example related to the GM foods. It is an application in which the post-market surveillance is
required to access evidence for the advantages and disadvantages of policy implementation as a
control mechanism. The case evaluated how obesity impacts specific aspects of the health status of
a population and how alarms and triggered policy interventions can be made to respond to declining
health observations in a partially observable system. The health status focused on the important issue

of population obesity as a possible side effect of consumption of foods attributed to the obesity
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problem, e.g., including fatty food, complex carbohydrates, and modified foods. The report
illustrated a hypothesis that the consumption of complex and modified food products, may contribute

to an increase of obesity in a population.

The obesity problem in our population is recognized as a partially observable system, given the
effective lack of surveillance systems in place and the absence of reliable prevention policies. The
following sections discuss the application of the post-market surveillance model to the obesity health

issue by attributing surveillance and control to policy interventions.
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6. Conclusions

The post-market surveillance of a partially observable system may play a critical role for public
safety and a healthy economy in an open market system, where there are no major restrictions and
limits for new technologies, imports and exports. A post-market surveillance model with close

observation of new, controversial products, could improve a constrictive and flexible market policy.

This paper introduces a model for the analysis of partially observable information from the post-
market surveillance. This model uses Markov Chains together with a Bayesian updating function to

estimate the statistical impacts of surveillance observations and modified surveillance policies.

Alarms and different levels of policy implementation are unique in this research model. Flexibility
with market demands and adjustability with cost analysis and cost decisions are the advantages of
this post-market surveillance model. It is concluded that the demonstrated model can be used for a

complex partially observable system to have a clear observation on most controversial products.

The results of the experimental analysis using illustrative data between cost decisions and policy
implementation decisions indicate that lower or moderate health policy interventions may be a more
worthwhile choice to improve a health system scenario compared with no interventions, or simply
waiting for a crisis to occur before acting. The extent to which cost tradeoffs are defined would more

clearly rank these alternative actions.

6.1 Recommendations for Future Research

There is also a need for a reliable data collection and analysis for deciding on states, transition
matrices, and reliability matrices data. In this paper, all the logical data, transition matrices, and
reliability matrices information and values are based on logical assumptions and probabilities rather
than a direct causal link that frankly, in many cases, such a GM foods, has been very difficult to
define. It is argued that the developed and illustrated health strategy model is useful if there is a still
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more reliable data collection mechanism designed to suit the probabilistic and reliability measure of

actual data.

Some of the problems with data collection and analysis for deciding on status of a health system are
the absence of a method to standardize our health systems that collect health information, to build an
integrated database for each health status, to strengthen the capacity for running the systems (e.g.,
number of staffs, technicians,...), and to minimize the cost. Without adequate information systems to
manage health data, the actual health state of a given population, and its observation could be
illusive. As a result, there might be cases of miss management to assign appropriate priorities and

delegate services for our health system.

The surveillance and monitoring of products is not an easy task. It requires national and international
efforts to achieve an understandable and clear picture about its true nature, to be able to draw
conclusions whether to reject or to support such products. Any policy to control or to ban a product

can have an impact on local and international trade relationships.

There is a need for an international cooperation to share information and to control and observe such
products. If such a protocol will come into effect, there is a need for national and international policy
changes. This policy should be in respect to all economical, political, social, and environmental
angles. There is a need to have better surveillance on GM products and to observe its impact on short

and long term local and international macro and micro economy.
In this model, using an appropriate and accurate data is crucial to assign right values on health states,

vectors, transition matrices, and reliability matrices for obtaining an appropriate outcome and

moving towards making valid decisions analysis.
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APPENDIX A:

Surveillance of Obesity as an Example

Appendix A demonstrates the application of obesity, in a specific health population. As a base case,
first the model illustrates the effect of monthly transition of obesity-related health status over a year
without any intervention or policy adjustment. Then the same data are used with other possible
interventions based on different policy alarm levels. Four different Experiments are used to observe
the effect of different policy interventions and alarms on health status. These Experiments are: No-

alarm, Low-alarm, Moderate-alarm, and Extensive-alarm.
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APPENDIX B :

Comparison Results

Appendix 2 demonstrates the final outputs and the results of all four Experiments, in the example obesity

case study. The four experiments are:

1. No-Policy intervention (No-alarm)
II. Low-Policy intervention (Low-alarm)
III. Moderate-Policy intervention, (Moderate-alarm)

IV. Extensive-Policy intervention

All results, given as tables of probability matrices and as graphics, came from ten (10) trials each for a
period of 12 months (one year). The corresponding graphs for each Experiment are illustrated below.
Also, the final averages for all 10 trials of each Experiment are demonstrated for the purposes of

comparison.
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APPENDIX C:
Cost Analysis

Appendix C demonstrates the cost analysis of all four experiment models: I. No-Policy intervention, 1I.
Low-Policy intervention, Intermediate-Policy intervention and Extensive-Policy intervention scenarios in
a case study for the obesity example. Decision trees are used to choose the most cost effective decision.
The results are based on a simulation model and the outcome for each simulation may differ from other

simulations.

All results come from the ten (10) trials for a period of 12 months (one year for each). Their
correspondent’s total costs for each experiment are illustrated for comparison. The total costs have come

from the total alarms’ costs plus total hearth costs.
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APPENDIX D:

Cost Decision

Appendix D, demonstrates the total cost in ten trials of all four case models in an example obesity case

study:
L No-Policy intervention
IL. Low-Policy intervention
I11. Intermediate-Policy intervention
Iv. Extensive-Policy intervention

Through the use of a decision-making tree, the final costs for each case will be compared and a final
decision for the best model will be determined. This final decision will be based on best possible
model’s prevention outcome with its lowest possible cost. The results are based on a simulation model
and the outcome for each simulation may differ from other simulations. Through many simulations, the

result supports between No-Policy to Low Policy interventions.

All results came from the ten (10) trials for a period of 12 months (one year for eagh). Their
correspondent’s total costs for each experiment are illustrated for comparison. The total costs have come
from the total alarms’ costs plus total hearth costs. A decision-making tree has been used for this

simulation to find the best possible experiment in each simulation.
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