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ABSTRACT  

 

During 2009 Mexico experienced an A(H1N1) pandemic with a rapid increase in the 

number of observed cases. To reduce transmission, the Mexican Government 

purchased 30 million A(H1N1) vaccines that were under production. There was 

considerable uncertainty in whether this large expenditure represented value for 

money. The primary aim of this thesis is to estimate the cost-effectiveness (CE) of 

vaccination programmes using the information known at the time of the decision. This 

objective utilised an ordinary differential equations (ODE) approach calibrated via a 

Markov chain Monte Carlo (MCMC) algorithm. Additional objectives included: 

assessing whether the observed number of reported cases could also be replicated 

using discrete event simulation (DES) methodology and documenting the type and 

prevalence of models used to estimate the CE of an infectious disease vaccine 

intervention.  

There was inherent uncertainty regarding the anticipated CE of the vaccine at the time 

the decision to purchase was made, primarily as no definitive value for the reporting 

rate (RR), the number of cases that come to clinical attention could be estimated. 

Three RR values, for the 0-15-year-age group, were explored (0.75, 0.01 and 0.001) 

with RR in other age groups being estimated through the MCMC calibration. In two of 

the RRs (0.75 and 0.01), the vaccination programme was cost-effective, for the 

assumed threshold value for Mexico ($110,000 MXN per QALY gained). In contrast, 

when a low RR was assumed (0.001) the vaccine was dominated, being more 

expensive and producing less health due to the adverse events of the vaccine. These 

results were robust to most sensitivity analyses. When a pessimistic scenario was 

applied (low vaccine effectiveness, longer time required to apply the vaccines -an 

additional 55 days compared with the base case-, and vaccine arriving 31 days later) 

did the vaccine interventions become non-CE assuming an RR of 0.01. For the 0.001 

RR scenario, when longer times of latent and infectious periods were assumed the 

vaccine became CE. As the Mexican Government anticipated an RR of approximately 

0.09, it was concluded that the decision to purchase the vaccines would have been 

considered a cost-effective use of resources.  

The DES model was found to be an unsuitable approach to predict the pandemic as 

the calibration attempt was unsuccessful and running times were lengthy. There are 

clear advantages in using an ODE approach rather than a DES approach in a 

pandemic setting. 
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The analysis of the papers identified in the literature review has indicated most of the 

published literature are based on static approaches, although the use of dynamic 

models has increased over time. Analyses indicated that the year of publication was a 

significant predictor for the use of dynamic models. The decision to construct a 

dynamic, rather than a static model, however, was neither influenced by the GDP per 

capita of the effected country or the location of the lead author. 
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Chapter 1. Introduction 

 

1.1 Overview of the Chapter 

 

This Chapter provides the background information that motivated this thesis. The 

Chapter begins with a description of the 2009 A(H1N1) influenza pandemic events that 

led to the purchase of a commercially available vaccine by the Mexican Government 

(Section 1.2). This Chapter presents the aims and objectives of the thesis (Section 

1.3), before concluding with a description of the thesis structure (Section 1.4).  

 

1.2 Introduction to the A(H1N1) pandemic and the Mexican experience. 

 

Seasonal flu caused by the influenza virus occurs around the world every year during 

the Autumn and Winter months. According to the World Health Organisation (WHO) 

(2009), influenza causes approximately three to five million illnesses annually with a 

resulting 250,000 to 500,000 deaths. In the United States (US) alone the estimated 

direct medical costs of seasonal influenza were estimated to be $10.4 billion in 2003 

(Molinari et al., 2007). 

Occasionally a mutation of the influenza virus occurs, resulting in a strain to which a 

large proportion of the population has no natural immunity, this could result in an 

influenza pandemic  (Morens et al., 2010). Pandemic, defined as “the occurrence of 

cases of illness excess in a community or region expanding worldwide or over a very 

wide area, crossing international boundaries, and usually affecting a large number of 

people” (Porta, 2008). Unlike seasonal influenza, the highest risk of complications in a 

pandemic influenza could occur in young adults or adolescents (WHO, 2009). In the 

20th century, three great influenza pandemics took place (1918, 1957 and 1968).  

In April 2009, the WHO announced the appearance in North America of a novel 

influenza virus designated as A(H1N1), commonly known as “swine flu.” The disease 

spread quickly around the world, by June 2009 there were more than 28,000 cases 

reported across 74 countries with a death toll of 144 people. At this stage the WHO had 

declared the A(H1N1) a global pandemic, with a pandemic alert at phase six.1 The 

                                                
1 The WHO has defined six phases to allow incorporation of new recommendations to the existing national 
preparedness and response plan in case of a pandemic emergency. Phases one to three are related to 
preparedness. Phases four to six clearly signal the need for response and mitigation efforts (WHO, 2011). 
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WHO definition of this phase is that “The same identified virus has caused sustained 

community level outbreaks in two or more countries in one WHO region and at least 

another country in another WHO region” (WHO, 2010b). By August 2010 when the 

WHO declared the end of the pandemic, 213 countries were affected with an estimated 

death toll of nearly 18,000 people (Reuters, 2010) 

Mexico was one of the earliest countries to be affected by this virus. Mexico 

experienced a marked increase in the number of influenza-like illnesses (ILI) and acute 

respiratory infections (ARI)  between the 12th of April and the 2nd of May 2009 

compared to the same period in the previous year (SINAIS/SINAVE/DGE/SALUD, 

2011)2. Between these dates the number of ILI/ARI cases represented an increase of 

162% on average.3 In the light of these figures, the Mexican Ministry of Health (MMH) 

feared an outbreak of 2 million cases that would result in one million deaths within a 

three month period (El Universal Online, 2010).  

In response to these fears, the Mexican Federal Government and the MMH undertook 

several measures to contain the outbreak. Between the 24th of April and the 5th of May 

2009, the Government ordered school closures. Subsequently, the Government also 

ordered the closure of museums, cinemas, theatres, libraries, restaurants and any 

other public gathering events, followed by the closure of non-essential economic 

activity (for both the public and private sector) from the 2nd to the 5th of May).4, The 

mitigation strategies slowed the progression of the disease5,6 However, at the end of 

the mitigation strategies another wave arose. By the end of May, a total of over 6,918 

and 97 lab-confirmed and deaths had been reported by the MMH.  

The MMH anticipated a bigger third wave would occur due to the beginning of the 

2009-2010 school term and the Autumn and Winter months. Estimations made by the 

MMH based on previous pandemics suggested that the number of deaths could range 

between 9,000 to 49,000, while outpatient care and hospitalisations could range 

                                                
2 An ILI is defined by the European Centre for Disease and control as sudden onset of symptoms and at 
least one of the following: fever, malaise, headache, Myalgia and at least one of the following respiratory 
symptoms: cough, sore throat, shortness of breath. ARI, is defined an individual with sudden onset of 
symptoms and any of the following respiratory symptoms: cough, sore throat, shortness of breath or 
coryza plus a clinician judgment that the illness is related to an infection (ECDC, 2016).  
3 Information obtained from the daily reports performed by the Economic Analysis Unit part of the Ministry 
of Health.  
4 While all non-essential activities resumed on the 6th, schools remain closed and were resumed 
progressively until the 29th of May. 
5 The MMH reported a reduction in the number of confirmed cases at the end of this period from 400 to 
100 per day. Rapid tests (rRT-PCR) were performed in a number of ILI and ARI cases that seek medical 
attention  
6 The economic implications of the closures and of the outbreak were considerable. The tourism and 
services sectors were severely affected during the activity closure. The Ministry of Public Finances (2009) 
estimated the economic loss to be between 0.3% to 0.5% of the Gross Domestic Product (GDP) 
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between 3 to 14 million and 50,000 and 250,000 respectively (Córdova-Villalobos et al., 

2010). 

In response, the Mexican Government began negotiations to acquire the A(H1N1) 

vaccines under development by international pharmaceutical companies. The MMH 

announced an agreement to purchase vaccines on the 18th of July 2009. The MMH 

bought 30 million doses of the vaccine for a total cost of $2,850 million MXN 

(approximately 130 million British Pounds (GBP)) (El Universal Online, 2009a).7 

Vaccines were purchased from Sanofi-PasteurTM (67%) and GlaxoSmithKlinetm  (GSK) 

(33%) (BIRMEX, 2009). The total cost of the purchase represented 0.024% of the 2009 

Mexican GDP.8  

There was little information on the effectiveness or availability of the vaccine, however, 

and therefore in August 2009, a technical consultation group (TCG) for the vaccination 

against the pandemic virus was formed. This group had as its objective to formulate 

recommendations and advice over the vaccination campaign to be launched. Based on 

the information known at that time, the group determined that the pandemic in Mexico 

have the following characteristics. First, the highest incidence had occurred in the 

young (children between 2 to 15 years). Second, the highest lethality to date occurred 

in people over 45-year-olds. Third, the highest number of non-fatal complications 

occurred in middle age groups (25 to 60 years). Fourth, the highest number of 

hospitalisations occurred in those less than 1-year-old and those who were 60 years 

and over. Lastly, pregnant women and individuals with co-morbidities such as diabetes, 

obesity, being overweight or asthma represented a high-risk group (Córdova-Villalobos 

et al., 2010).  

Based on those characteristics and the absolute number of lab-confirmed cases up to 

August 2009 (20,502 with 163 deaths), the group concluded that: i) the pandemic did 

not put a risk to the national security. However, it could jeopardise the functioning of 

the Mexican health system; ii) the transmission was likely to increase during the winter 

months and iii) there was a relationship between having diabetes, obesity, asthma, 

heart diseases and the incidence of complications of the disease.  

As such, they proposed that the vaccination strategy should have as objectives: a 

reduction in the number of fatalities; and a decrease in the transmission of the disease 

to prevent the overload of the health service. The group also developed a cost-

                                                
7 The price of each vaccine was of S95.00 MXN or £4.46 GBP. The exchange rate considered was from 
December 2009 using the www.oanda.com currency convertor  
8 The total GDP in Mexico in 2009 was of $11,822,986 million pesos (MXN) 

http://www.oanda.com/
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effectiveness (CE) analysis.9 Three scenarios were tested: vaccination of 1 to 24-year-

old only (with a population of 49 million people); vaccination of 25 and 59 years old only 

(with a population of 47 million people) and third, universal vaccination (total population 

in Mexico during 2009: 107 million people). All scenarios were compared to no 

vaccination. The first scenario estimated an expected reduction of 1,149 cases or 

11.2% and a 5.2% reduction in the mortality rate. The second scenario, a reduction of 

573 cases or 5.6% and 3.0% in mortality rate. The universal vaccination, however, 

resulted in a reduction of 5,128 cases (or a 50% reduction) and 50% in the mortality 

rate. The absolute number of cases was not clear in the no vaccination strategy.  

The TCG determined that universal vaccination strategy was cost-effective only if the 

total number of cases and deaths was 15 times bigger than the cases notified to date 

(nearly 300,000) and more than 2,400 deaths, therefore considered this vaccine 

strategy unlikely to be cost-effective. The details described here were the only 

information available on the CE analysis performed by the consulting group. No 

published or unpublished information about this analysis was found.10 Uncertainty 

existed regarding the type of model developed, the method used and if under-reporting 

was assumed.  

It was suggested that the best distribution of the already agreed vaccine purchases 

was as follows: medical personal (2% of the population); pregnant women (1% of the 

population), 6 to 23 months infants (3% of the population) and individuals with co-

morbidities between the age of 2 years and 64 (14% of the population).11  

The initial agreement made by the MMH expected the vaccines to arrive by the end of 

October (El Universal Online, 2009b) when the Government expected an increase in 

the number of cases and a third wave of the pandemic. However, the initial batch of 

vaccines (around 600,000) was not received until late November 2009 (Cordova-

Villalobos et al., 2017). At this point, the number of daily cases in the third wave was 

already in decline (with less than a 100 lab-confirmed cases per day compared with the 

peak of this wave where the numbers of identified cases reached nearly 1,000 cases 

per day).12   

                                                
9 A cost-effectiveness analysis is a comparative analysis of alternative courses of action in terms of both 
their costs and consequences. The cost-effectiveness analysis measures the outcomes in terms of health 
outcomes (Drummond et al., 2015) 
10 Information about this study was requested from the MMH. Despite several attempts to track this 
document no information was provided.  
11 Vaccination to population at risk (medical personal) and individuals at high risk was considered 
elsewhere as a cost-effective strategy (Baguelin et al., 2010) 
12 No information of the daily numbers of ILI or ARI was available 
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The vaccination programme started on the 24th of November according to the 

previously described plan (initially vaccinating medical personnel and pregnant 

women). Shortly after a second batch arrived (December 2010) and was applied to 

infants (6 to 23 months) and people with co-morbidities between 2 and 64 years of age. 

The vaccine was applied progressively, to anyone who requested it. According to the 

MMH, approximately 28.5 million people were vaccinated by the end of the pandemic 

(August 2010) (Cordova-Villalobos et al., 2017).  

The vaccine to the vulnerable and high-risk population (as performed by the MMH) has 

been estimated as a potential CE strategy in England (Baguelin et al., 2010). However, 

the purchase of additional doses necessitates the exploration of population-based 

vaccine strategies (as the ones analysed by TCG).13  

     

1.3 Aim and objectives 

 

This thesis has six key objectives although the primary aim of this thesis is to estimate 

the CE of a population-based vaccine strategy of the 2009 A(H1N1) pandemic in 

Mexico using the information available at the time the decision to purchase the vaccine 

was made. The six objectives, in order of appearance in the theses, are: 

1. To document the different models used to estimate the CE of an infectious 

disease vaccine intervention  

2. To construct a model to simulate the spread of the A(H1N1) vaccine in Mexico 

during the 2009 pandemic using an ODE approach 

3. To construct a model to simulate the spread of the A(H1N1) vaccine in Mexico 

during the 2009 pandemic using a DES approach 

4. To calibrate both models (ODE and DES) so that the data observed within 

Mexico could generally be replicated 

5. To determine the estimated CE of a population vaccine strategy at the time the 

decision to purchase the vaccine was made using the ODE model 

6. To comment on the use of the DES methodology to guide future researchers 

working in a similar area. 

  

                                                
13 By population based strategies refers to those applied to the general population irrespectively of their 
vulnerability or risk group.  
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1.4 Structure of the thesis  

The thesis is divided into seven chapters. This section describes the contents of each 

one  

Chapter 1. Background 

This Chapter provides a short background on the events of the 2009 A(H1N1) 

pandemic in Mexico, highlighting uncertainties surrounding the decision to purchase 

the vaccine and describes the structure of the thesis. 

Chapter 2. Characteristic of the A(H1N1) pandemic in Mexico 

This Chapter details the epidemiological patterns and clinical characteristics of the 

2009 A(H1N1) pandemic in Mexico. Relevant information on key characteristics that 

need to be considered when constructing the models and performing the CE analysis 

are provided. 

Chapter 3. Literature review 

This Chapter describes the literature review performed during the thesis. The 

methodology used and the results obtained are described and presented. The aim of 

the review was to document the different type of methods used to estimate the CE of a 

vaccine intervention. A review of relevant CE analysis performed on the 2009 A(H1N1) 

is also presented.  

Chapter 4. Model structure: ODE model 

This Chapter describes the design, construction, and calibration of the ODE model, 

compartmentalised into susceptible, exposed, infectious and recovered individuals and 

calibrated via a Markov Chain Monte Carlo routine 

 Chapter 5. Model structure: DES model 

This Chapter describes the design, construction, and calibration of the DES model. 

 Chapter 6. Cost-Effectiveness of the A(H1N1) vaccine intervention 

This Chapter details the development of the CE analysis of the 2009 A(H1N1) vaccine 

intervention. The main characteristics, the methodology used, assumptions, limitations, 

and results are detailed. Only results from the ODE model are presented as a DES 

approach was deemed unsuitable. 
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Chapter 7. Summary, contribution of the thesis, discussion, and areas of future 

research 

This Chapter summarises all the elements of the project. It concludes with a discussion 

of the limitations of the thesis and recommendations for future work 



 

Chapter 2. Characterisation of the A(H1N1) pandemic in Mexico 

 

2.1 Overview of the Chapter 

This Chapter aims to explore the epidemiological patterns and clinical characteristics of 

the 2009 A(H1N1) pandemic in Mexico. It interrogates several data sources and 

analyses the available information to offer a picture of the events that occurred during 

the 2009 A(H1N1) pandemic in Mexico. The characteristics of the vaccine are also 

discussed (regarding the effectiveness and the occurrence of adverse events). This 

information was used to populate the infectious disease model and CE analyses. 

The Chapter is divided into four sections. Section 2.2 describes the general 

characteristic of the pandemic in Mexico. Section 2.3 briefly describes the vaccine 

purchased by the MMH. Lastly, Section 2.4 provides a summary of the Chapter. 

 

2.2 Characteristics of the 2009 A(H1N1) pandemic in Mexico 

 

Influenza is an acute viral infection that transmits via close contact between individuals. 

This disease can be caused by one of the three known influenza viruses: A, B or C. on 

this thesis the most relevant is the type A virus, as the type of virus that caused the 

pandemic in 2009: A(H1N1) (Garten et al., 2009). 

During 2009, Mexico had a population of 107.5 million people. The country is divided 

into 31 states and one Federal District (Mexico City). Most of the population 

concentrate in the central states (61%) which include Mexico City, followed by the 

northern states (26%) and southern states (13%) (CONAPO, 2012).   

The MMH maintained a record of the number of identified or lab-confirmed cases from 

the beginning to the end of the pandemic. The datasets covered the period between 

March and the end of November 2009 and contained information on the daily number 

of lab-confirmed individuals with A(H1N1) by age, sex and region.  

The data was collected directly from different hospitals and health institutions via the 

InDRE (National Institute of diagnostic and epidemiologic reference: “Instituto de 

Diagnostico y Referencia Epidemiológica” in Spanish). Only data up to the moment the 

decision to purchase the vaccine was announced (18th July 2009) was required. Figure 

2.1 shows the lab-confirmed data available from the start of the data collection up to 

the decision point. 
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These data, however, were likely to be an under-estimate of the true number of cases 

in the population as it was probable that many cases went under-reported. The MMH 

suggest that approximately 10% of the cases of influenza could be asymptomatic 

(Córdova-Villalobos et al., 2010).14 However, there are other reasons of under-

reporting which if not considered can dramatically underestimate the true size of the 

influenza pandemic such as mild infections where the patient did not seek medical 

attention or those who were wrongly diagnosed or had a false negative test result. 

Furthermore, some test might have been compromised (due to timing or contamination 

of the collected sample. Estimations made by Elizondo-Montemayor et al., (2012) 

confirmed the under-estimation of lab-confirmed cases reported by the MMH as in a 

small sample between November and December 2009, the authors found a 

seroprevalence of A(H1N1) antibodies between 36.7-40.7%15   

Furthermore, some authors have suggested that the A(H1N1) pandemic is similar to 

the HA viruses isolated from swine in North America that were first detected in 1930 

(Couch et al., 2012). The 2009 A(H1N1) pandemic virus could be related to influenza 

A(H1N1) viruses that have circulated previously (from 1918 to 1977), therefore is more 

likely that older individuals would have a lower susceptibility to the pandemic virus 

(Couch et al., 2012). These strains have been included in the annual influenza vaccine 

since 1977. Therefore, it is possible that some immunity to a similar class of virus such 

as the 2009 pandemic A(H1N1) could have been generated.   

Technically any diagnosis of influenza without serological tests is a diagnosis of ILI or 

ARI. A diagnosis of ILI or ARI can later be confirmed as influenza (or in this scenario) 

as an A(H1N1) pandemic case. During the pandemic, swabs were taken to test for 

A(H1N1) from those patients who sought medical attention and were diagnosed with ILI 

or ARI. The patients with a positive test for A(H1N1) were reported, and this 

information was compiled in a data set by InDRE. 

 

 

 

                                                
14 Córdova-Villalobos et al., (2010) is an editorial. However, this was used as source of information for 
several components, parameters and assumptions of the models as this editorial refer to what happened 
in Mexico during the 2009 A(H1N1) pandemic. This is a compilation (lead by the Minister of Health at the 
time of the pandemic: Dr. Jose Angel Cordova-Villalobos) of the information and estimations available to 
the MMH that provided evidence to the discussion and the decision to purchase of the vaccine.  
15 The study was based on a small sample of 2,222 individuals categorised by age groups and focused on 
a school setting in a community in Mexico. 
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Figure 2.1 Number of lab-confirmed reported cases during the 2009 A(H1N1) 
pandemic in Mexico up to the 18th July 2009 

 

 

At the time when the decision was made, the lab-confirmed data suggested that the 

pandemic had two waves a Spring wave (from the beginning of April until the 19th of 

May) and a Summer wave (from the 20th of May). The pandemic seems to have been 

influenced by social distancing generated by both school terms and Governmental 

actions (described in Chapter 1) (Mexican Ministry of Health, 2009a; Chowell et al., 

2011)16. As it can be observed in Figure 2.1, it is highly likely that the decline observed 

in the lab-confirmed data at the end of April and the beginning of May was related to 

Governmental actions. Based on this same data, the Summer wave seems to have 

started soon after the resumption of activities. The peak of lab-confirmed cases was 

observed around the time when the school term finished towards the end July 2009 

(Figure 2.1). As discussed in Chapter 1, the MMH expected a third wave triggered by 

the Autumn and the start of the school term, which had an influence on the decision to 

purchase the vaccine.  

The lab-confirmed data after the decision was made, shows a third wave between 

August and December 2009. The lab-confirmed cases reached its peak at the end of 

September 2009. The decline could not be attributed to the vaccination campaign since 

it began at the end of November neither to the end of the school term as this occurred 

in mid-December. Therefore, it is likely that the decline was attributed to the depletion 

                                                
16 Eames et al., (2012); Chao et al., (2010) and Cauchemez et al., (2009) found an elevated percentage of 
outpatient visits for influenza-like diseases 14 days after schools open in autumn 2009. Eames et al. 
(2012) also concluded that changes in school terms influenced the pattern of the 2009 influenza pandemic 
in the UK) 
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on the number of susceptible individuals in the population.17 This wave had the highest 

number of lab-confirmed cases per 100,000 individuals: 95% confidence interval (CI) 

36.04 – 67.45 versus the 7.18-16.57 for the Spring and 6.22-22.11 Summer waves.18 

Figure 2.2 shows the complete lab-confirmed data.  

Figure 2.2 Complete lab-confirmed data  

 

The graph includes the lab-confirmed cases between March and November 2009  
 
 

Although the Autumn and Summer lab-confirmed observed waves were driven by 

different regions in the country, Chowell et al., (2011) found no association between the 

rates of morbidity, hospitalisation, and deaths between regions. Furthermore, no 

difference was found in lab-confirmed cases between gender and the spread of the 

disease, with 51% of the cases occurring in women up to the decision time nor through 

the pandemic (Figure 2.3). Furthermore, a positive correlation was found in the trend of 

infections between genders (Pearson’s rho = .99 p-value <0.005) (author’s calculation). 

Data reported in Echevarría-Zuno et al., (2009) corroborate these findings as their 

estimation found that 50% of the lab-confirmed cases were women. Additionally, they 

found no association between inpatient care between gender (odds ratio (OR) 0.84 

95% CI 0.70-1.02) or deaths (OR 1.62 95% CI 0.93-2.82). 

  

                                                
17 This suggests that the confirmed number cases reported by the MMH was a gross underestimation of 
the actual size of the pandemic. 
18 A t-test was performed to test for statistical significance. The third wave was significantly bigger 
compared the two other waves (p<0.01).  These numbers were based on estimations made from the 
available database.  
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Figure 2.3 Number of lab-confirmed cases by sex in Mexico up to the decision 
time 

 
 
 

 
 
 

2.2.1 General description of the on lab-confirmed data 

 

The median age of lab-confirmed cases was 17 years old with a range from 0 to 100 

years old and interquartile range (IQR) between 9 and 29 years. Only 10% of the lab-

confirmed cases was observed in children below four years of age or people aged over 

45 years old.19 The highest morbidity rate was found in the 6 to 14 years age group 

(102.9 cases per 100,000), whilst the lowest was observed in the 60 years and over 

population (13.4 cases per 100,000). These figures were estimated at the end of the 

pandemic and are similar to those described by Echevarría-Zuno et al., (2009) where 

the median age was 18 years old, and the highest morbidity was found in the 5-14 

years old (115.7 per 100,000 cases). 

By the time the decision was made an estimated number of 20,502 lab-confirmed 

cases, and 195 deaths had been reported. At the end of the pandemic, the MMH 

reported 72,548 lab-confirmed cases and 1,316 deaths, implying an overall fatality rate 

of 1.84% (95% CI 1.93-1.74%). This value is higher than the expected deaths from 

seasonal influenza (0.1%) (Córdova-Villalobos et al., 2010). Estimations made by 

                                                
19 Author’s estimation using the above-mentioned dataset. 
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Echevarría-Zuno et al., (2009) calculated that the highest mortality occurred in the 60 

and over age group (39.2% 95% CI 35-43.3%).  

The MMH however, did not provide an actual number of total ILI during the pandemic. 

The PHO suggested an approximate number of ILI or ARI cases of 280,000 identified 

by the health services.20  

2.2.2 Epidemiology of the A(H1N1) pandemic in Mexico 

The average duration of symptoms for those patients infected with A(H1N1) range 

between 3 to 7 days for mild cases. For severe cases, however, the symptoms could 

last up to 14 days with an average period of six days before admission hospital 

(Córdova-Villalobos et al., 2010; Dominguez-Cherit et al., 2009).  

Data on the mean generation time (defined as the mean latent period plus one-half the 

mean infectious period (Cummings and Lessler, 2014) 21 was obtained from Fraser et 

al., (2009). The author estimations were made with Mexican data during the early 

stages of the pandemic (between the start of the pandemic and the 30th of April 2009) 

and suggest a mean generational interval of 1.9 (95% CI 1.30-2.71).22  

Mild symptoms of the A(H1N1) are similar to those of general influenza but may 

develop suddenly. These are unusual tiredness, muscle pain, headache, runny nose, 

rhinorrhea, fever, chills, frequent and intense cough. Diarrhoea and vomiting can be 

present (NHS Choices, 2013c; Mexican Ministry of Health, 2009b; CDC, 2009). The 

study performed by Echevarría-Zuno et al. (2009) in the clinics and hospitals pertaining 

to the National Institute of Social Security (IMSS)23 described the most common 

symptoms for almost 7,000 patients treated. In 92% of the cases, the patient had a 

fever, 91% had a cough, 88% had a headache, 72% muscle aches, 77% rhinorrhoea, 

60% nasal congestion and 50% a sore throat.   

Poor oxygenation episodes (tachypnea, hypoxia and laboured breathing), low blood 

pressure, confusion, severe dehydration, or exacerbation of chronic conditions such as 

asthma, chronic obstructive pulmonary disease, chronic renal failure, diabetes, or 

cardiovascular conditions usually accompany the progression of symptoms (NHS 

Choices, 2013c; Mexican Ministry of Health, 2009b; CDC, 2009).  

                                                
20 Presumably this was the population that sought medical attention. 
21The following definition of mean generational time was used: “If infectiousness is evenly distributed 
across the infectious period, then the mean generation time will be equal to the mean latent period plus 
one-half the mean infectious period” from Cummings and Lessler, (2014). 
22 The study does not estimate the latent or infectious period. 
23 The IMSS is the biggest social insurer for Mexican workers in the private sector. It covers almost half of 
the total Mexican population. 



{Chapter 2 Characterisation of the A(H1N1) pandemic in Mexico} 

 

{14} 

 

Lower respiratory tract diseases requiring supplemented oxygen, an abnormal chest 

radiography and the use of mechanical ventilation are usually characteristics of severe 

cases. Patients might have developed encephalitis or encephalopathy, complications of 

low blood pressure such as shock or organ failure, myocarditis or rhabdomyolysis or 

invasive secondary bacterial infection (NHS Choices, 2013c; CDC, 2009).  

The treatment guidelines developed by the MMH, the World Health Organisation 

(WHO), the Centre for Disease Control and Prevention (CDC) and the Department of 

Health UK, suggest the use of antiviral medication for mild cases or when risk factors 

are present.24 If the symptoms are low to moderate and the person has no risk factors, 

then antiviral treatment was not considered necessary. If the disease does not improve 

after 72 hours, the patient is recommended to return to the clinic to re-evaluate the 

condition  (INSP, 2009; CDC, 2009).  

The antiviral of choice in Mexico during the pandemic was the oseltamivir (although 

zanamivir was also available if necessary).25 Oseltamivir can be given to children under 

one year of age and pregnant women if necessary. The treatment was recommended 

for a period between 5 to 10 days depending on the severity of the condition (INSP, 

2009). 

Patients showing a progression of symptoms may require immediate hospital care. 

Once in hospital, patients would receive treatment with antivirals if not already treated. 

If the patients develop a bacterial infection treatment with antibiotics is given 

accordingly. If the disease is severe or progresses further, patients could be admitted 

to the intensive care unit (ICU). Here, ventilation support might be offered (INSP, 

2009). Antiviral treatment could be used as chemoprophylaxis for family members (for 

out and inpatient care patients) to prevent further transmission. This was only 

recommended for family members with underlying risk factors (obesity, overweight, 

asthma, diabetes, pregnant women, and those with chronic obstructive pulmonary 

disease, chronic renal failure, diabetes, or cardiovascular conditions).  

Lastly, Elizondo-Montemayor et al. (2012) suggest that there are no significant 

differences in symptoms profile between ILI and lab-confirmed patients.26 Figure 2.4 

shows an interpretation of the treatment pathway followed by the MMH. 

                                                

24 Risk factors: obesity, overweight, asthma, diabetes, pregnancy, chronic obstructive pulmonary disease, 

chronic renal failure, diabetes, or cardiovascular conditions 
25 Oseltamivir is an antiviral used to treat some types of influenza in adults, children and infants (Medline 
Plus, 2013).  
26 The study analysed the difference between ILI, respiratory illnesses and non-respiratory illnesses. The 
author’s findings suggested that no significant difference in were found in the symptom profile of those 
confirmed to have had A(H1N1) and those who experience ILI. 
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Figure 2.4 Flow chart for the treatment of H1N1 patients 
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2.3 Vaccination  

The Sanofi-Pasteur vaccine was a pre-filled syringe with no co-adjuvant (0.5 ml doses 

containing 15μg hemagglutinin of influenza A/California/07/2009 A(H1N1 v-like virus) 

(FDA, 2013). The GSK, however, was packed in a ten dose vial and required co-

adjuvant (3.75μg haemagglutinin per 0.5mL dose) (GSK, 2010).  

The influenza vaccine can produce antibodies against the disease one week after 

vaccination, but the maximum immunity levels will usually be reached between the two 

and four weeks after immunisation (Córdova-Villalobos et al., 2010). At the time when 

the MMH made the purchasing decision, the effectiveness and average time to 

immunogenicity for A(H1N1) were unknown. As described by the compilation editorial 

by the Minister of Health at the time of the decision (Córdova-Villalobos et al., 2010),  

the MMH based its estimations of its potential effectiveness on seasonal influenza and 

several other published sources. These have been summarised here by age group: 

For people aged 60 years and over, it was estimated that the effectiveness of the 

vaccine to prevent influenza or influenza-like disease was between 6 to 58% (Govaert 

et al., 1994).  

Jefferson et al., (2005); Hak et al., (2005); Nordin et al., (2001); Fleming et al., (1995); 

Mullooly et al., (1994); Fedson et al., (1993); Foster et al., (1992) estimated that the 

effectiveness of the vaccine in preventing hospitalisation in individuals of 60 years or 

older could lie between 19 and 72%. 

Hak et al., (2005); Nordin et al., (2001); Fleming et al., (1995); Mullooly et al., (1994); 

Fedson et al., (1993); Foster et al., (1992) estimated the vaccine can prevent between 

27 to 72% of deaths.  

For individuals between 18 and 65 years estimates by Jefferson et al., (2007) have 

located the efficacy of a vaccine between 47 to 100% in the prevention of influenza. 

Hak et al., (2005) estimated an effectiveness of 26% in the prevention of medical 

consultations, 87% of hospitalisations and 78% of deaths. 

Jefferson et al. (2005), estimated that the inactive vaccine has an effectiveness of 28% 

for children between 2 and 16 years old but found no conclusive evidence for children 

aged 2-years and younger.  
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Based on this information, at the time of the decision, the MMH considered the 

potential effectiveness of the 2009 A(H1N1) vaccine would be of 50% ranging between 

30% and 70% in preventing cases of A(H1N1).  

The actual effectiveness of the vaccine has been studied in several recent publications. 

Osterholm et al. (2012); Yin et al. (2012) both performed a meta-analysis on the 

effectiveness of the monovalent 2009 A(H1N1) vaccine. Osterholm et al. (2012) 

included five studies all conducted in Europe or Canada: Hardelid et al. (2011); 

Valenciano et al. (2011); Skowronski et al. (2011); Puig-Barberà et al. (2010). The 

results suggest that the vaccine effectiveness in preventing A(H1N1) influenza cases 

has a median of 69% and range between 60-93%. The five studies were based on 

single doses, and most of the vaccinated participants received a vaccine containing an 

adjuvant.  

Yin et al., (2012), however, estimated the effectiveness from 11 studies. The authors 

estimated a vaccine effectiveness of 90% (95% CI 25-99%) for those studies using a 

single dose of adjuvant monovalent vaccine. When including those studies without 

adjuvant doses of the A(H1N1) monovalent vaccine, the effectiveness estimate 

became 84% (95 IC% 68-92%). The summary effectiveness of the 2009 A(H1N1) 

vaccine was estimated based on three studies using non-adjuvant vaccines only and 

single and double doses. The reported effectiveness of those studies was 86% (95% 

CI 73-93%) (Yin et al., 2012). 

2.3.1 Vaccine adverse events 

The adverse events of influenza vaccines including that for 2009 A(H1N1) are low. The 

most common local reactions are pain and tenderness or redness at the site of 

injection, while the most common systemic reactions (adverse reactions that spread to 

one organ -skin- to other organ systems of the body) include: fever; headache, 

malaise, and myalgia. Severe conditions defined as life threatening or that which 

require hospitalisation include anaphylaxis; convulsions; Bell’s palsy; Guillain-Barre 

syndromes (GBS); encephalomyelitis and vasculitis or neuritis (Fiore et al., 2009; 

Folkenberg et al., 2011). Some of these conditions can leave permanent disabilities or 

be fatal in particular GBS which might require hospitalisation treatment for up to 94 

days of (NHS Choices, 2013a, 2013b; Carroll et al., 2003; CENETEC, 2016). 

The MMH main concern at the time of the decision was GBS. According to the MMH 

guidelines (IMSS, 2008), most patients recover from this disease (80%) although 

between 25% and 85% of the recovered patients might face long-term health 

implications or disabilities. The recovery rate, however, is believed to be related to the 
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age of the patients as 90% to 95% of those less than 18 years of age with the 

syndrome regained full health (Cho et al., 2010). 

The MMH, based estimates of vaccination-induced GBS from a previous swine flu 

outbreak in 1976, where ten cases per 1,000,000 vaccinated individuals were reported 

(McGrogan et al., (2009)).   

Whilst the GSK vaccine has subsequently been shown to have a risk of narcolepsy 

(Miller et al., 2013; Partinen et al., 2012), a scooping search in Medline® and 

Embase® found no published papers linking an influenza vaccine with narcolepsy 

before 2009. As such, the MMH was not expecting any case of narcolepsy. 

The actual adverse events reported by the MMH at the end of the campaign were mild. 

Up to the end of April 2010 (when the vaccination campaign was almost over), 354 

cases of adverse events were reported: 288 low, 52 mild and 14 severe. Most of the 

adverse events occurred in the 20-49 years age group (225 cases) followed by the 50-

64 age group (51 cases). Only 165 were directly related to the vaccine of which 157 

(95%) were low to moderate, including fever, pain at the injection site and headache 

(MMH (Censia), 2010). Of the 14 severe cases of adverse events, three were identified 

as GBS, but none was assumed to be associated with the A(H1N1) vaccine. No deaths 

due to the vaccine were reported (MMH (Censia), 2010). 

 

2.4 Summary  

This Chapter aimed to explore the epidemiological patterns and clinical characteristics 

of the 2009 A(H1N1) pandemic in Mexico. The vaccine characteristics were also 

discussed (effectiveness and adverse events). This information was used to inform the 

infectious disease model and CE analyses.  

The lab-confirmed data reported by the MMH showed three waves: Spring, Summer, 

and Autumn of 2009. When the decision to purchase the vaccine was announced, the 

Summer wave was almost over (18th July 2009) although the MMH expected a third 

wave once the school term began. 

The first reduction in lab-confirmed cases was most likely the effect of Government 

actions (Mexican Ministry of Health, 2009a; Chowell et al., 2011).  The second wave of 

lab-confirmed cases started soon after the resumption of activities, and its peak was 

observed near the conclusion of the school term in July 2009.  
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The third wave of lab-confirmed cases peaked at the end of September (two months 

and a half before the end of the term in mid-December). This decline was most likely 

related to a depletion in the number of susceptible individuals in the population 

(Chowell et al., 2011).  

Although the lab-confirmed waves were driven by different regions in the country, no 

association was found between the rates of morbidity, hospitalisations, and deaths 

between regions. Furthermore, no difference was found by gender (number of cases or 

shape of the spread) (Chowell et al., 2011).  

The treatment guidelines developed by the MMH suggested the use of antiviral 

medication for mild or severe cases when risk factors are present. The antiviral of 

choice in Mexico during the pandemic was oseltamivir. Patients with an increase 

symptomatology were evaluated and if required were referred to hospital care If the 

disease was severe or progressed further, with some patients admitted to the ICU. 

Antiviral treatment was considered for those family members of infected individuals 

with underlying risk factors.  

Mexico purchased 30 million monovalent A(H1N1) vaccines in total from Sanofi-

Pasteur (with no adjuvant) and GSK (with coadjuvant) based on an inactivated 

A(H1N1) influenza virus. Based on the information of several published articles the 

MMH expected that the vaccine effectiveness to be between 30 and 70% with a mean 

of 50%.  

Regarding adverse events, the major concern the MMH had was on GBS as a previous 

vaccine for a similar virus reported 10 cases per 1 million vaccinated individuals. 

Although most of the patients are expected to recover, a sizeable number can develop 

long term implications or disabilities. The actual adverse events reported by the MMH 

at the end of the pandemic were low or mild (with 95% of those attributed to the 

vaccine itself). Only three cases of the GBS were reported however none was directly 

attributed to the vaccine. 

 



 

 

Chapter 3. Literature review 

 

3.1 Overview of the Chapter 

The literature review aim was to provide information on the techniques used to 

estimate the CE of vaccine interventions in an epidemic, pandemic outbreak or an 

endemic disease. A classification of the different types of techniques based on whether 

the model was static or dynamic and type of method used (e.g. decision tree (DTM), 

Markov (MM), Hybrid models) was made. A secondary aim was to explore the articles 

published to estimate the CE of the A(H1N1) vaccine during the pandemic event in 

2009.  

The literature review was a lengthy process. Since this section of the project was 

performed at the start of the thesis, a cut-off date of mid-2010 was applied for the 

classification process mentioned above. However, an update of the literature (from 

mid-2010 until the end of April 2017) was performed27. 

Section 3.2 describes the methodology used to perform the search, retrieve the 

relevant publications and to classify models according to the approach and method 

used. Section 3.3 describes the results obtained. Section 3.4 provides a summary by 

broad methodology category. Section 3.5 explores the articles published to estimate 

the CE of the 2009 A(H1N1) vaccine. Lastly, Section 3.6 provides a general summary 

of the Chapter. 

 

3.2 Methodology 

The literature review had the following steps: 

1. Selection of the electronic databases 

2. Identification of the search topics and construction of the search terms 

3. Development of the search strategy inclusion and exclusion criteria 

4. Processing and interpretation of the results 

 

                                                

27 The cut-off date of the search was December 2016; however, a monthly auto-alert was set up 
to flag relevant papers. Additionally, a scoping search early in May 2017 was performed 
covering January to April 2017 aimed at retrieving all new papers published during that time 
frame. 
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3.2.1 Selection of the electronic databases 

According to Sassi et al. 2002, Medline is the key source for economic evaluation 

within healthcare studies since it comprises information about medicine, health care 

system, and preclinical sciences among other disciplines.  Royle & Waugh, 2003 

suggests that the use of this electronic database could retrieve approximately 85% of 

the published economic evaluation literature. 

The Embase® and CINAHL® databases are an important source of healthcare 

literature. Embase®, contains biomedical literature while CINAHL® specialises in 

nursing and allied health literature (Centre for Reviews and Dissemination, 2011; 

Embase, 2010) Although both databases are mainly focused on healthcare literature 

they provide a good source of information for economic evaluation health care 

(McKinlay et al., 2006). 

A further electronic database from which to retrieve economic evaluations for health 

care literature is the NHS Economic Evaluation Database (NHS EED). The NHS EED 

focuses primarily on the economic evaluation of health care interventions.  

Two additional electronic databases were used to capture papers using simulation 

techniques: The Web of knowledge interface and SCOPUS. Web of knowledge 

comprises web of science (compiles literature in science, social science, arts, and 

humanities); BIOSIS (includes life science and biomedical research, pre-clinical 

experimental research, methods and instrumentation and animal studies) and Medline  

(Thomson Reuters 2002). Due to the type of topics covered BIOSIS was not 

considered in the search.  

SCOPUS, however, comprises literature in scientific, technical, medical, social 

sciences and arts and humanities (SciVerce, 2010). Econlit® was also considered as it 

represents an important source of information for economic peer-reviewed articles.  

According to Royle & Waugh 2003, a search strategy that combines Medline with 

Embase and NHS EED could return around 95% of the peer-review published 

economic evaluation literature when adequate search filters are used. The inclusion of 

CINAHL, web of knowledge, SCOPUS and Econlit was expected to increase the 

retrieval percentage further. Table 3.1 presents the databases within their specific 

interfaces. 
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Table 3.1 Databases used in the literature review 

Interface Database 

Ovid SP® MEDLINE(R) In process & other Non-Indexed Citations 
and Ovid MEDLINE® from 1946  
MEDLINE(R), from 1946  
Embase®, from 1980 
Econlit®, from 1969  

Centre for Reviews and Dissemination 
(CRD) 

NHS Economic Evaluation Database (NHS EED)  

EBSCO® CINAHL®, from 1981 

Web of Knowledge® Web of Science®, from 1899 
Medline® from 1950  

SciVerse® SCOPUS®, from 1966 

 

3.2.2 Search topics and search terms 

Search terms are a series of keywords that are used to retrieve specific types of 

articles from the electronic databases. A collection of search terms is known as a 

search filter. A search filter should be constructed considering the objectives of the 

review; for example, they can be highly sensitive or precise (sensitive: proportion of 

relevant records retrieved; precise: number of relevant records retrieved as a 

proportion of the total records retrieved). An appropriate search strategy would be both 

highly sensitive with good precision.  

For this literature review, 34 search filters were constructed. The first two were: 

Economic evaluation and vaccination and these constitute pivotal filters. The remaining 

32, correspond to a selection of relevant vaccine interventions. The combination of the 

first two with the 32 vaccine specific search filters was used to retrieve the proposed 

literature.  

The economic evaluation search filter was constructed to be highly sensitive. A review 

of pre-designed economic evaluation search filters was performed (Intercollegiate, 

2012) to guide its construction. The NHS Quality Improvement Scotland filter, NHS 

Economic Evaluation Database filters (NHS EED) and the Scottish Intercollegiate 

Guidelines Network filter (SIGN) for Medline, CINAHL®, and Embase® offer a 

comprehensive collection of search terms for CE models. According to Glanville et al. 

2009, these filters have a sensitivity between 90% and 100%. 

A combination of pre-defined search filters (NHS Quality Improvement Scotland filter, 

NHS EED, and the SIGN) were used in Medline®, CINAHL®, and Embase®. Additional 

terms were added such as discrete event simulation (DES), computer simulation and 
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System Dynamics (SD) as they were methods that were deemed to be used. The filters 

can be found in Appendix VII.     

Web of Knowledge, SCOPUS, Econlit and NHS EED electronic require specific filters 

to perform the searches. Those filters contained terms related to CE, cost-utility, cost-

benefit, cost-minimisation, cost, cost and consequences analysis as well as health-

related quality of life sub-topics.  

The objective of the vaccination search filter was to capture literature related to vaccine 

interventions from immunisation programs to prevention strategies. No pre-defined 

search filters were found for these. Most of the selected search terms were based on 

the MeSH headings classification system. Several vaccines terms were also included 

such as attenuated, conjugated, acellular and synthetic. Other relevant sub-topics such 

as immunisation programs, booster vaccination, and mass vaccination were also 

considered (Appendix VII).28 

There are several vaccines available in the market. Therefore, it was thought that 

performing individual searches for relevant vaccines would retrieve more articles that a 

general search for all vaccine interventions. Chosen vaccines were those intended to 

prevent infectious disease where the human-to-human contact plays an important role 

in the transmission of the disease, and thus a herd immunity effect (HI) was expected 

to be a relevant factor29. In total 32 infectious diseases with vaccines were selected 

(Table 3.2).30 Their corresponding filters were constructed based on the most relevant 

terminology for each topic and on the electronic database used and were based on 

MeSH headings classification of the different interfaces plus relevant terms to broaden 

the search (Appendix VII). 

  

                                                
28 The MeSH terms used the US spelling of the word immunisation. The term using UK spelling was used 
to in the NHS EED database. 
29 Herd immunity defined as “the indirect protection experienced by unvaccinated individuals resulting from 
the presence of immune individuals in a population” (Vynnycky and White, 2010) 
30 Yellow fever virus, Japanese encephalitis, Thick-borne encephalitis, rabies, Typhoid fever, Cholera, 
Lyme disease, Malaria and Q fever were not considered since their transmissions mechanisms are not 
directly related to human to human contact. Tetanus is not transmitted via direct human to human contact 
and Rotavirus can also be transmitted via an external agent. However, since the recent development of 
the Rotavirus vaccine several cost-effectiveness analyses have been developed. While Tetanus 
vaccination have been combined with several other relevant humans to human transmitted diseases such 
as Diphtheria and is considered as a regular vaccination in national vaccination programs around the 
world.  
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Table 3.2 List of diseases included 

Individual Vaccines Combined vaccines 

Adenovirus Diphtheria-Tetanus 

Diphtheria Diphtheria-Tetanus-Pertussis 

Haemophilus influenzae type b (Hib) Diphtheria-Tetanus-Pertussis-HBV 

Hepatitis A virus (HAV) Diphtheria-Tetanus-Pertussis-Hib 

Hepatitis B virus (HBV) Diphtheria-Tetanus-Pertussis-Hib-Polio 

Hepatitis C virus (HCV) HAV-HVB 

Human Papillomavirus (HPV) HBV-Hib 

Influenza and Influenza A(H1N1) Measles-Mumps 

Measles Measles-Mumps-Rubella 

Meningococcal Measles-Mumps-Rubella-Chicken 
Pox/Varicella 

Mumps Influenza-pneumococcal 

Pertussis Pneumococcal-meningococcal 

Plague  

Pneumococcal  

Poliomyelitis  

Rotavirus  

Rubella  

Tetanus  

Tuberculosis (BCG)  

Chickenpox/Varicella  

 

The filter to retrieve literature on the CE of the A(H1N1) vaccine included the terms bird 

flu A(H1N5), the A(H1N1), the 2009 A(H1N1) swine flu, the B, C virus sub-type, the 

common cold and pandemic influenza.   

The search terms were based on the MeSH headings system used by the Ovid 

interface such as influenza human, common cold, and influenza virus B. Some terms 

were exploded to include all possible sub-headings. Other search options such as text 

words or truncation symbols were also employed. Several sources were consulted to 

confirm the filters validity: Glanville et al. (2009), McKinlay et al. (2006), The University 

of York (2012).    

 

3.2.3 Definition of the search strategy and selection criteria 

The first step was to combine the economic evaluation and vaccine search filters with 

the Boolean operator “AND”.  At the end of this process, the results were aggregated in 

EndNote X© (1988-2006 Thomson ResearchSoft) to remove duplicates. Mendeley© 

(Mendeley Desktop Version 1.17.9 2008-2016 Mendeley Ltd London United Kingdom) 
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was used for processing and citing. Figure 3.1 uses the Influenza and A(H1N1) search 

filter to illustrate the process.  

 

Figure 3.1 Search strategy 
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any reference to an economic evaluation study (costs, health-related quality of life and 
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the published abstract or in some cases reviewing the full text of the article in 
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The inclusion and exclusion criteria were defined based on the aims and objectives of 

the project and literature review. The definition of economic evaluation cited by NHS 

EED was used for this propose: “Full economic evaluations are studies in which a 

comparison of two or more treatments or care alternatives is undertaken and in which 

both costs and outcomes of the alternatives are examined. This includes cost-benefit 

analyses, cost-utility analysis and cost-effectiveness analyses” (Centre for Reviews 

and Dissemination, 2011). 
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Inclusion criteria  

1. Studies that fulfil the above-mentioned definition of a full economic evaluation 

study  

2. Studies that report or estimate the utility gains or losses from influenza or 

influenza-like disease (including swine flu, bird flu or common flu) 

3. Studies that consider vaccination as one of the alternatives under analysis 

4. Studies related to an infectious disease 

5. Studies published in English or Spanish 

Exclusion criteria 

1. Costs of illness or other types of costing studies  

2. Studies related to animals or veterinary science settings 

3. Studies that explore the CE of a vaccine intervention in a group of patients such 

as those with diabetes, a cancer diagnosis, who are HIV positive or who are 

pregnant.    

4. Studies related to bioscience, biochemistry, genetics, physics, virology or 

molecular science 

5. Conference proceedings 

6. Studies not in English or Spanish 

After completion of the first and second sifts, the next step was the identification of the 

different methods used to estimate the CE of the vaccine interventions in the context of 

an infectious disease.  

 

3.2.5 Classification by type of method used 

One of the main elements in the classification of the different type of models available 

is whether the model was dynamic or static. A static model assumes that the risk of 

infection is constant and thus not dependent on the effective contact rate between 

susceptible and infectious individuals.  

The development of a model to estimate the CE of a vaccine intervention in the context 

of an infectious disease such as the 2009 A(H1N1) influenza pandemic requires a 

methodology capable of simulating the transmission of the disease. It is essential to 

recognise that the risk to of a person who has not yet been infected and is at risk of 

infection of acquiring the disease is related to the number of infectious population in the 

population (Vynnycky and White, 2010). Modelling techniques capable of incorporating 

this feature are often known as dynamic. In a dynamic model, the risk of infection is a 
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function of the number of infectious individuals in the population at a given point in 

time, multiplied by the effective contact rate between susceptible and infectious 

individuals (more details on the relevant characteristics of CE models for infectious 

diseases can be found in Appendix I).  

Some authors using a static approach have attempted to incorporate the HI effect by 

approximating its possible impact using strategies such as employing a percentage 

reduction in the probability of acquiring the disease. This percentage can change from 

cycle to cycle depending on the number of susceptible or the age and sex of the 

population. These types of models, however, are not dynamic as the infection rate is 

not dependant on the number of susceptible or infectious individuals at any given time 

point. Whilst these models are not technically static as the infectious rate changes 

across time this has been classified as static for the purposes of the thesis.  

Another type of static model referred as “catalytic model” may offer similar results to 

those of a compartmental model except that they do not explicitly describe 

transmission between individuals. Instead, individuals are assumed to become infected 

at a constant age, or time-dependent rate. These methods estimate the trace of 

incidence through time rather than via direct contact between individuals (Vynnycky 

and White, 2010). The main assumption of catalytic models is that in the absence of 

vaccination or other intervention, the average value of the force of infection remains 

approximately constant (Grenfell & Anderson, 1985; Griffiths, 1974). The basic model 

could be modified to estimate the age-specific force of infections via a non-linear 

regression model  (Vynnycky and White, 2010; Bauch et al., 2007).  

After classifying articles as static or dynamic, models were classified according to their 

model structures. Table 3.3 and Table 3.4 show these structures. 
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Table 3.3 Static model classification 

Approach Modelling techniques Main characteristics  

Static 

Aggregate level models: 
These models follow a group or a cohort of individuals. 
Transmission rate is fixed or not related to the contact between susceptible and infectious. 

Decision tree (DTM) 

Tree like structure to outline decisions 
Transition probabilities are used to estimate the 
expected values for patients  
Recursion or looping is not allowed  

Markov Model (MM) 

Transitions probabilities per unit time to change from 
one state to another 
Mutually exclusive and mutually exhaustive states 
Independence of progressive stages (memory-less 
property)31 
Clearly defined time cycles 
Recursion or looping is allowed 

Hybrid model (sHybrid) DTM followed by MM or vice versa   

Individual-level models: 
Patients are modelled individually. 
Transmission rate is fixed or not related to the contact between susceptible and infected. 

Individual sampling models (ISMs)  
 

These types of models include the simulated patient 
DTM (iDTM) and simulated patient level MM (iMM): 
  

• iDTM: same characteristics as DTM, but patients 
are modelled or simulated individually  

• iMM: same characteristics as MM, but patients are 
modelled or simulated individually  

Computer 
simulations32 
 
 

Simulation models 
(sSIm)33  

• Continuous/discrete time model 

• States can be dependent on each other 

• Involve different types of computer simulation 
models, such as discrete event simulation models 
or agent-based models  

• DES: use of entities, labels, resources, queuing 
structure (subclasses as sDES) 

Hybrid model (iHybrid) 
Any combination of static models with individual static 
models 

 

 

 

 

 

                                                
31 There are subtle ways to extend the Markovian assumption. If sufficient number of states are considered 
the MM can effectively account for previous events, or by using different transmission matrices as time, 
transitions probabilities can depend on certain attributes. Nevertheless, the most common approach of a 
MM follows the memory less assumption 
32 Time handling is a key element of computer simulations. If time moves forward in pre-defined time 
intervals it is said that the simulation is based on the time slicing technique. Alternatively, when the model 
is evaluated only when it is known that a state is about to change then the simulation is based on the next 
event technique and is categorised as a continuous time model. 
33 Discrete event simulation, was treated as a separate category however, as this method has specific 
elements to distinguish it from other simulation techniques 
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Table 3.4 Dynamic model classification 

Approach Modelling techniques Main characteristics  

Dynamic 

Aggregate level models: 
These models follow a group or a cohort of individuals. 
Transmission rate is assumed to be a function of the number of infectious individuals in the 
population at a given point in time, multiplied by the effective contact rate between susceptible 
and infectious individuals. 

Markov model (dMM)34 Same characteristics as MM  

Compartmental or system dynamic 
models 
(SD) 

• Difference equations (discrete time) 

• Ordinary or partial differential equations 
(continuous time) 

• Fractions of individuals can occur 

• Model can be complemented with a static 
section to measure disease progression 

• The SD component is usually deterministic 

• Compartmental, SIR, and SEIR, SEIRV and related 
models included 

Dynamic Hybrid model (dHybrid) dMM or SD followed by any static model 

Individual-level models: 
Patients are modelled Individually (fully or partially) 
Transmission is assumed to be a function of the number of infectious individuals in the 
population at a given point in time, multiplied by the effective contact rate between susceptible 
and infectious individuals 

Simulated Patient Level Dynamic Markov 
Models (idMM) 

• Similar characteristics as MM 

• Can follow a continuous time approach: the 
distribution of time to the next event is 
exponentially distributed 

Computer 
simulations 

Discrete event simulation 
(DES); 
Simulation and agent-
based models35 (dSim) 

• Continuous/discrete time model 

• States can be dependent on each other 

• Accounts for individual behaviour or 
individuals acting autonomously  

• DES use of entities, labels, resources, queuing 
structure 

Individual dynamic Hybrid (idHybrid) 
Any individual level dynamic model with a static 
model 

  

A series of flow charts was constructed to aid the classification process. The flow 

charts were based on relevant characteristics of dynamic and static approach and of 

                                                
34 A dMM can be classed as a compartmental or system dynamic model as they share the 
memoryless assumption.  
35 Agent-based models were classified as simulation models (dSim) as simulation models share 
similar components. DES was treated as a separate category however, as this method has 
specific elements to distinguish it from other simulation techniques. 
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the relevant modelling techniques. Figure 3.2 shows a flow chart to distinguish between 

static and dynamic models. Figure 3.3 and Figure 3.4 show flow charts to classify the 

static and dynamic models according to the type of modelling technique used.  The 

flowcharts distinguish between key characteristics and assumptions of the different 

types of models listed in Table 3.3 and Table 3.4. These flowcharts were followed 

when the paper did not clearly specify the type of modelling method used.36 

Additionally, articles were classified by year of publication: pre-1991; 1991-1995; 1996-

2000; 2001-2005, 2006-2010 and 2010-2017. A logistic regression analysis to estimate 

the relationship between static and dynamic models was undertaken. 

 

                                                
36 Hybrid models were not distinguished in the flow chart) as all hybrid models were clearly identified as 

such. 
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Figure 3.2 Flow chart static or dynamic approach 
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Figure 3.3 Classification of static models 
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Figure 3.4 Classification of dynamic models 
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3.2.6 Update of the literature review  

An update of the literature review was undertaken identifying papers 

published between mid-2010 to April 2017. The cut-off date of the full 

review was December 2016. However, a monthly auto-alert was set up to 

flag relevant papers, and a scoping search was run at the beginning of May 

2017 to retrieve all papers between December 2016 and April 2017. The 

update had the objective of ascertaining if any recently published materials 

affected the aim and objectives of the thesis.  

Compared with the initial search, only the CE and vaccine filters were used; 

and only two databases were searched: OVID SP®, Embase®. This 

amendment was based on the experience gained from the initial search, 

where using the CE and vaccine filters (instead of one specific for each 

included disease) in those datasets offer the same accuracy regarding the 

relevant hits retrieved but had more precision. Results of the two searches 

are presented separately due to the differences in the search filters and 

databases used. However, the analysis and results based on the type of 

methodology and year of publication contain the results of both searches.  

 

3.3 Results  

3.3.1 Results of the initial literature review comprising the years 

1976-2010 

 

Table 3.5 shows the number of retrieved articles. The date of the 

publications ranges between 1976 and 2010. The number of articles 

retrieved is significant: 83,650. Since the search was designed to be 

sensitive, the number of duplicates was significant (68%). Only 7% were 

retained following de-duplication and examination by title. The second 

selection, based on published abstract, published articles and inclusion and 

exclusion criteria eliminated 78% of the remaining articles. From the 410 

remaining articles, 327 were classified according to the type of 

methodology used. The remaining 83 were eliminated due to lack of 

information since only the published abstract was available (Figure 3.5).  
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Table 3.5 Retrieved articles after applying search filters 

Vaccine 

Medline, Embase, 
Econlit, CINAHL, Web of 
Knowledge, SCOPUS, 
NHS EED 

Adenovirus 1,976 

Diphtheria 3,922 

Haemophilus influenzae type b (Hib) 2,479 

Hepatitis A virus (HAV) 3,843 

Hepatitis B virus (HBV) 5,434 

Hepatitis C virus (HCV) 1,358 

Human Papillomavirus (HPV) 3,954 

Influenza 8,866 

Influenza A(H1N1) 2,440 

Measles 4,212 

Meningococcal 1,790 

Mumps 1,479 

Pertussis 2,899 

Plague 476 

Pneumococcal 3,921 

Poliomyelitis 2,601 

Rotavirus 280 

Rubella 1,967 

Tetanus 3,096 

Tuberculosis (BCG) 4,644 

Varicella 3,430 

Combined vaccines 

Diphtheria-Tetanus 2,829 

Diphtheria-Tetanus-Pertussis 2,568 

Diphtheria-Tetanus-Pertussis-HBV 1,057 

Diphtheria-Tetanus-Pertussis-Hib 1,188 

Diphtheria-Tetanus-Pertussis-Hib-Polio 1,045 

HAV-HVB 2,927 

HBV-Hib 919 

Measles-Mumps 2,143 

Measles-Mumps-Rubella 1,472 

Measles-Mumps-Rubella-Varicella 1,067 

Influenza-pneumococcal 999 

Pneumococcal-meningococcal 369 

Total (single and combined vaccines) 83,650 

Articles ranging from 1976 to 2010 

 



 

 

Figure 3.5 Processing of the retrieved results  
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3.3.2 Results of the update of the literature search comprising the 

years 2010-2017 

 

In total 20,090 articles were retrieved. From those, 97% (19,512) were 

eliminated due to being duplicates or not fulfilling the first selection criteria. 

Following the second selection criteria, 257 articles were retained (Figure 

3.6).  

 

Figure 3.6 Processing of the retrieved results: literature review update 
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3.3.3 Classification by static and dynamic models 

In total 584 articles were retrieved, 327 from the initial search and 257 from 

the update. Most models used in the literature were classified as Static 

(81%). The breakdown of study type is displayed in Figure 3.7.  

Figure 3.7 Static and dynamic model 

 

 

The earliest selected article was published in 1981, was set in the US and 

followed a static approach (Patrick and Woolley, 1981). The first recorded 

dynamic article selected was performed in Italy, Europe (Carducci et al., 

1989). Few articles were published before 1995 (6.4%), with the majority 

published after 2000 (80%).  

Figure 3.8 shows the trend of published articles exploring the economic 

evaluation of vaccine interventions over time. Figure 3.8 also shows that 

the number of dynamic models has increased over time, however between 

2011 and 2017, 71% of the retrieved articles still followed a static approach.  

  

Dynamic 
19%

Static
81%
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Figure 3.8 Static and dynamic models over time 

 

 

The logistic regression (Table 3.6) showed that if the article was published 

after 2006 the odds of the model being dynamic were 2.3 times greater 

than if the article was published before 2006. If the cut-point was 2010, the 

odds ratio reduces to 1.5 for the latter group and is no longer statistically 

significant at the 5% level.  

Table 3.6 Regression analysis: year of publication and approach 

Logistic regression: Static vs. Dynamic 
Model reference: Static 

Before and after 2006 Before and after 2010 

Variable Odds ratio 
(95% CI) 

Variable Odds ratio 
(95% CI) 

Publication after 
2006 

2.3 
(1.3 - 4.1) 

Publication after 2010 1.5 
(0.96 - 2.2) 

Reference: Publication before 2006 Reference: Publication before 2010 

LR Chi2 =10.38 p-value=0.0013* 
Pseudo R2 = 0.018 

LR Chi2 =2.89 p-value=0.072** 
Pseudo R2 = 0.005 

*Suggest that the model is statistical significant against a model with no independent 
variables 
**Suggest that model is only significant at 10% level against a model with no independent 
variables 
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3.3.4 Classification by modelling technique 

Static models can follow DTM, MM, sHybrid, ISMs, sSim and sDES while 

dynamic models follow an SD or compartmental, dHybrid, dMM, idMM, 

dSim, and DES approach. Figure 3.9 shows the type of methodologies 

used within the static and dynamic approaches. 

The left-hand pie chart in Figure 3.9 shows the distribution of articles using 

static models. The majority followed an MM, DTM sHybrid approaches 

(97%). Nine studies followed an iMM technique: Sharma et al., (2012); 

Coupe et al., (2012); Goldie et al., (2012); Goldhaber-Fiebert et al., (2008); 

Diaz et al., (2010); Kim et al., (2009); Diaz et al., (2008); Goldie et al., 

(2008); Kim et al., (2008). Five used a simulation model (sSim): Aguilar et 

al., (2015); Kiatpongsan and Kim, (2014); Novaes et al., (2015); Walwyn et 

al., (2015); Najafzadeh et al., (2009).  

Figure 3.9 Type of methodology used    

  

Static 471* Dynamic 111 

MM 231 SD 64 

DTM 198 dHybrid 24 

sHybrid 27 dMM 8 

ISM 9 dSim 15 

sSim 5 

*Three articles were not possible to be classified as no access to the full text was possible 

 

The right-hand pie chart in Figure 3.9 details the results of dynamic models. 

Most of the dynamic models followed an SD, dHybrid or dMM approach 

(86.5%)37, while 15 followed a simulation approach. Of those, two used an 

                                                
37 dMM could be considered a SD method as a SD approach is memoryless and is based on 
compartments. 

DTM
48.5%

MM
49%

sHybrid
6%

ISM
1.9%

sSim
0.4%

DTM MM sHybrid ISM sSim

SD
57.7%

dMM
7.2%

dHybrid
21.6%

dSim
13.5%

SD dMM dHybrid dSim
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agent-based model (ABM) (Olsen and Jepsen, 2010; Usher et al., 2008), 

and only one was clearly defined as DES (Vanni et al., 2012).  

3.3.5 Regional Comparison of methods to estimate the CE of vaccine 

interventions 

 

An analysis of how the type of approaches (static and dynamic) and 

methodologies (such as DTM, MM, sHybrid) are used around the world was 

developed. This analysis was only performed for the initial literature search 

(between 1976-2010). The full details and the analysis are shown in 

Appendix VI. 

The main results showed that the greatest proportion of models around the 

world followed a static approach. Most static methods used a DTM or an 

MM technique. When dynamic methods were used, the preferred technique 

was SD; these results were maintained when analysed by first author’s 

location. 

The use of dynamic models was greater in Europe than North America 

(NA) or Latin America (LA). However, LA had the biggest proportion of 

dynamic models (26% vs. 24% and 13% in Europe and NA). 

A logistic regression analysis showed that the geographical location or 

GDP per-capita had no influence on the type of model shown. It also 

showed that the use of dynamic models has increased over time. However, 

static models still predominate. 

 

3.4 Summary of the papers by broad methodology category  

3.4.1 Static models  

The most analysed diseases were Pneumococcal related illnesses 

(Pneumococcal pneumonia, Meningococcal, Otitis), Influenza, 

Papillomavirus and cervical cancer and Hepatitis A, B or C. The vaccines 

were analysed for at-risk populations, (infants, elderly, general population, 

women) and in new, endemic and pandemic diseases. 

In general, the authors has considered different attack rates depending on 

certain characteristics of the population under analysis (e.g. age, sex, risk 
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groups) as in this papers: Baltussen et al., (1997); Clark et al., (2009); Lee 

et al., (2010b).  

The force of infection was estimated using different techniques depending 

on available data. Aballea et al., (2007a, 2007b) adapted the incidence rate 

from a different county to estimate the attack rate for a specific age group in 

their countries of interest. Beutels et al. (1996); Chodick et al. (2005) and 

Getsios et al., (2002) estimated a priori the attack rate based on the 

number of susceptible individuals at the beginning and end of the analysed 

age interval.  

Secondary transmission was taken into account by some authors. Ellis et 

al., (2007); Purdy et al., (2004); Pechevis et al., (2003); Hibbert et al., 

(2007); Shiell et al., (1998); Valenzuela et al., (2005) considered intra-

household transmission, whilst Suarez et al. (2008) took into consideration 

cross protection and waning effect. 

The nine ISM models found were developed to estimate the CE of the 

Human Papilloma Vaccine (HPV): Goldie et al., (2012); Sharma et al., 

(2012); Diaz et al., (2010, 2008), Kim et al., (2008, 2009); Goldie et al., 

(2008); Goldhaber-Fiebert et al., (2008) were based on the modelling 

structure defined in Goldie et al., (2007) and Kim et al., (2007b). This model 

estimated the CE and natural history of cervical cancer via an individual-

based stochastic model based on a Markov-like structure. The transmission 

rates were based on data for age-related HPV incidence rather than 

calculated through the actual transmission dynamics in the analysed 

population. The authors suggest that the model has the capability to be 

linked to an independent transmission model to measure the dynamics of 

the diseases properly. The latter is done in other articles performed using 

this methodology classified as dHybrid (Kim and Goldie, 2009, 2008a; 

Goldie et al., 2007; Kim et al., 2007a).  

The only sSim identified explored the CE of Herpes Zoster (HZ) vaccine in 

Canada (Najafzadeh et al., 2009). The model is a DES and simulates 

individuals allocated to receive either the HZ vaccine or not. Individual 

characteristics such as age, sex, and medical history were randomly 

sampled. Probabilities of events were adjusted to account for vaccination 

status, age at vaccination and time since the vaccine was applied. The 

model also considered the waning effect of the vaccine. However, the risk 
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of acquiring the infection was not related to the proportion of infectious 

people in the population.  

A common estimation of the potential HI effect was by comparing the 

incidence of the disease before and after the introduction of the intervention 

(Rubin et al., 2010; Poirier et al., 2009; Lloyd et al., 2008; Silfverdal et al., 

2009; Ray et al., 2006, 2009). Some authors used the coverage, time since 

last vaccination, averted cases, the percentage of non-vaccinated 

population and gender to estimate an adjustment factor to mimic the HI 

effect (Chesson et al., 2008; Beutels et al., 1999; Lee et al., 2007). 

Others accounted for the HI as a percentage reduction in the incidence of 

the analysed disease or as a case scenario in the sensitivity analysis: 

Akumu et al., (2007); Claes et al., (2009); Caro et al., (2005); Ginsberg et 

al., (1992); Giglio et al., (2010); McIntosh et al., (2005); Hubben et al., 

(2007); Hsu et al., (2003); Lee et al., (2008); Vespa et al., (2009); Tormans 

et al., (1998); Tilson et al., (2008); Welte et al., (2004).  

Three catalytic models were identified; Zhuang et al., (2008); Thiry et al., 

(2004); Pham et al., (2012). 

3.4.2 Dynamic models 

SD models using partial differential equation and realistic age-structured 

transmission models to incorporate age structures were identified in several 

published articles e.g.: Gerlier et al., (2017); Shim et al., (2016); Meeyai et 

al., (2015); Knight et al.,(2014); Lenne et al., (2006); Trotter and Edmunds, 

(2006); Brisson and Edmunds, (2003, 2002); Wutzler et al., (2002); 

Coudeville et al., (1999); Pelletier et al., (1998); Williams et al., (1996a, 

1996b) 

Stevenson et al. (2002); De Wals et al. (2007) and Vanagas et al. (2010) 

resemble a SEIR (susceptible-exposed-infectious-recovered) type of model 

using a dMM. In each transition, the model estimates the number of 

effective contacts made by a person with an infected individual to estimate 

the number of expected cases in the next cycle. The number of effective 

contacts refers to an interaction between two individuals that result in an 

infection.  

A total of 15 studies were found using dSim: Doroshenko and Qian, (2016); 

Brisson et al., (2016); Laprise et al., (2016); Drolet et al., (2014); Laprise et 
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al., (2014); Halder et al., (2014); Kelso et al., (2013); Vanni et al., (2012); 

Hontelez et al., (2011); Sander et al., (2010); Olsen and Jepsen, (2010); 

Robin de Vries et al., (2010); Sander et al., (2009b); Tediosi et al., (2009); 

Usher et al., (2008).  

Sander et al., (2010, 2009b) considered different contact ratios depending 

on the location of the individuals (workplace, household, school or day 

care). The articles published by Olsen and Jepsen, (2010) and Usher et al. 

(2008), used an agent-based simulation where simulated individuals could 

choose partners, duration of their relationships and frequency based on 

their characteristics. Doroshenko and Qian, (2016) used an ABM to 

simulate Pertussis to explore the role of individual behaviour in an 

outbreak.  

The most recurrent combination of dHybrid models was SD with DTM, 

followed by SD with MM and SD with iMM. The model known as Economic 

varicella vaccination tool for analysis (EVITA) was a recurrent structure. It 

combines a dynamic infectious disease model with an MM. SD was used to 

estimate the spread of the disease over time while the MM describes the 

course of varicella and its potential complication and the associated health-

care resource utilisation (Hammerschmidt et al., 2003). The dynamic 

component is a partial differential equation model based on Halloran et al., 

(1994). Five articles were found using this approach: Bonanni et al., (2008); 

Hammerschmidt et al., (2007); Banz et al., (2009, 2003, 2002). 

Four papers were identified that estimated the CE of HPV used a 

combination of SD and iMM (Burger et al., 2015; Kim and Goldie, 2009, 

2008a; Kim et al., 2007a). The SD model was an open-cohort, age-

structured compartmental model in which men and women form sexual 

partnership over time. The generated information was used to populate the 

iMM model which was used to compare multiple strategies for the 

prevention of cervical cancer.  

 

3.5 Articles on the CE of the A(H1N1) pandemic vaccine 

These were selected from the 583 retrieved articles. As shown in Figure 

3.10, 74 articles were found to estimate the CE of seasonal influenza or 

pandemic influenza including the H1N1 and H5N1 virus subtypes. From 
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those, only pandemic influenza or A(H1N1) articles were selected resulting 

in 11 identified articles. Eighth were later discarded as not being related to 

the 2009 (H1N1) pandemic, being static or based on a specific population 

(Table 3.7 and Table 3.8). 
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Figure 3.10 Selection of the CE of A(H1N1) relevant articles 
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Table 3.7 List of rejected papers for not being related to the 2009 
A(H1N1) influenza pandemic 

Title 
Authors  
(year) 

Country Disease 
Type of 
methodology 

A model-based economic 
analysis of pre-pandemic 
influenza vaccination cost-
effectiveness 

Halder et 
al., (2014) 

Australia 
Pandemic 
influenza 

dSim 

Vaccination strategies for 
future influenza pandemics: a 
severity-based cost 
effectiveness analysis 

Kelso et al., 
(2013) 

Australia 
Pandemic 
influenza 

dSim 

Cost-effectiveness of 
vaccination against pandemic 
influenza in European 
countries: Mathematical 
modelling analysis 

Lugner et 
al., (2012) 

Germany, 
Netherlan
ds & UK 

Pandemic 
influenza 

SD 

Cost-effectiveness of 
Pharmaceutical-based 
Pandemic Influenza 
Mitigation Strategies 

Newall et 
al., (2010) 

Australia Pandemic 
influenza 

dHybrid: SD 
followed by 
DTM 

Economic evaluation of 
influenza pandemic 
mitigation strategies in the 
United States using a 
stochastic micro-simulation 
transmission model. 

Sander et 
al., (2009b) 

US Pandemic 
Influenza 

dSim 

Economics of employer-
sponsored workplace 
vaccination to prevent 
pandemic and seasonal 
influenza 

Lee et al., 
(2010) 

US Pandemic 
Influenza 

DTM 

Effectiveness and cost-
effectiveness of expanded 
antiviral prophylaxis and 
adjuvanted vaccination 
strategies for an influenza A 
(H5N1) pandemic 

Khazeni et 
al., (2009a) 

US Pandemic 
Influenza 

dHybrid: SD 
followed by an 
MM  

Economic Analysis of 
Pandemic Influenza 
Vaccination Strategies in 
Singapore 

Lee et al., 
(2009) 

Asia Pandemic 
Influenza 

DTM 
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Table 3.8 Rejected for being static/pertaining a group 

Title Authors Country Disease 
Type of 
methodology 

Economic evaluation of the 
vaccination program 
against seasonal and 
pandemic A/H1N1 
influenza among customs 
officers in Greece 

Mamma and 
Spandidos, 
(2013) 

Greece 2009 A(H1N1) 
Pandemic 
influenza 
against customs 
officers 

DTM 

Cost-effectiveness of 2009 
pandemic influenza 
A(H1N1) vaccination in the 
United States. 

Prosser et al., 
(2011) 

US 2009 A(H1N1) 
Pandemic 
influenza  

DTM 

 

Table 3.9 Selected articles exploring the 2009 A(H1N1) vaccine 
intervention 

Title Authors Country Disease 
Type of 
methodology 

Vaccination against 
pandemic influenza 
A/H1N1v in England: A real-
time economic evaluation 

Baguelin et al., 
(2010) 

UK Pandemic 
influenza 
A(H1N1) virus 
sub-type 

SD 

Is a mass immunization 
program for pandemic 
(H1N1) 2009 good value for 
money? Evidence from the 
Canadian experience38 

(Sander et al., 
2010) 

Canada Pandemic 
influenza 
A(H1N1) virus 
sub-type 

dSim 

Effectiveness and Cost-
Effectiveness of Vaccination 
Against Pandemic Influenza 
(H1N1) 2009 

Khazeni et al., 
(2009b) 

US Pandemic 
influenza 
A(H1N1) virus 
sub-type 

dHybrid: SD and 
MM 

 

Although not related to A(H1N1) the eight articles reported in Table 3.7 

were reviewed to determine whether the conclusions could apply to the 

models developed in the thesis.  

Lugner et al., (2012) concluded that the CE of a strategy was dependent on 

the time of vaccination, prior immunity, and the demographics of the 

country in which the outbreak occurs. The authors also state that typically 

strategies which targeted individuals defined by the authors as high 

transmitters (5-19 years old) were the most CE. However, in a population 

with a high proportion of older adults, where vaccines were available early, 

and where pre-existing immunity was assumed, vaccinating the elderly was 

                                                

38 An early version of this model was published in 2009 (Sander et al., 2009a), only 
the 2010 published version was included and commented on below 
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the most CE strategy. The model assumes heterogeneous mixing based on 

Mossong et al., (2008) 

The paper published by Sander et al., (2009b) analysed 16 different 

strategies (including combinations of antiviral prophylaxis of the infected 

household or work/school contacts, pre-vaccination with a low-efficacy 

vaccine and school closures). The authors concluded that antiviral 

prophylaxis of the infected household and work/school contacts with 

unlimited stockpiling of antivirals and pre-pandemic vaccination is a cost-

effective strategy. Adding school closures to this strategy is costlier but 

reduces the negative impact of the pandemic, reducing the infection rate, 

and morbidity and mortality.  

The article published by Newall et al., (2010)  suggested that a vaccination 

strategy before the start of the pandemic combined with antiviral treatment 

could be a CE strategy, but the results are uncertain as just over 50% of 

the probabilistic sensitivity analysis (PSA) iterations found this to be the 

case.  

The article published by Khazeni et al., (2009a) explored three 

interventions to tackle a possible influenza A(H5N1) or bird flu virus. The 

authors concluded that the most CE intervention was one which assumed a 

sufficient stock of the adjuvanted vaccine to cover 40% of the population 

(expanded adjuvanted vaccination). Expanded antiviral prophylaxis, 

however, was dominated by expanded adjuvanted vaccination.  

Kelso et al., (2013) examined the CE of plausible combinations of social 

distancing, antiviral and vaccination interventions in the event of influenza 

pandemic assuming a delay of 6 months between the start of the pandemic 

and the availability of the vaccine. Halder et al., (2014), however, estimated 

the CE of a pre-emptive vaccination strategy before a pandemic, assuming 

different levels of vaccine efficacy. The publications used the individual 

level simulation model, which focuses on a population of 30,000 people in 

Australia. The model assumed that potential infectious contacts would 

occur in households, workplaces and randomly in the community. Three 

different severities of the pandemic were analysed: mild; moderate, and 

extreme. Kelso et al., (2013) found that a vaccine intervention (arriving six 

months after the onset of the pandemic) was not CE on its own for any of 

the pandemic scenarios analysed. Only when the pandemic-size was 
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assumed moderate adding vaccination to long-term social distancing was 

CE. Halder et al., (2014), however, found that a pre-emptive vaccine of at 

least 30% effectiveness is more cost-effective than a reactive vaccination 

strategy. However, these results were sensitive to the population covered.  

Lee et al., (2009) developed a DTM to estimate the cost-benefit and CE 

analysis of vaccination versus treatment with antivirals alone in a potential 

pandemic influenza event in Singapore. The authors suggest that the 

pandemic vaccination is only cost-effective in severe pandemics with 

vaccines of high efficacy and low cost. However, the study did not consider 

the potential impact of HI as the model used was static. 

One of the rejected articles estimating the CE of a vaccine against the 2009 

A(H1N1) performed by Mamma and Spandidos, (2013) explored the 2009 

A(H1N1) vaccine in a specific group of the population. The total number of 

individuals analysed was 3,309. Since this was not an enclosed population 

group, the general population HI effect of vaccination is negligible. 

However, if this strategy is part of a greater intervention the HI from 

vaccinating other groups of individuals might be a factor in determining the 

vaccine effectiveness of the intervention, although the authors did not 

consider this. 

Research performed by Prosser et al. (2011) examines the CE of the 2009 

A(H1N1) in the US population using a DTM model. The authors did not 

include HI as they consider this effect to be uncertain under the 

circumstances that surrounded the vaccine intervention. Their results 

suggest that the vaccine was cost-saving for persons aged six months to 

64 years, but that their results were sensitive to the number of vaccines 

doses needed; costs of vaccination; illness rates; and timing of vaccine 

delivery.  

As seen in Table 3.9, the three selected studies were published in high 

GDP per capita countries. Two were based on SD approach performed in 

England and the US (Baguelin et al., 2010; Khazeni et al., 2009b) and one 

using dSim based in Canada (Sander et al., 2010). 

The article published by Baguelin et al., (2010) performs a CE analysis of 

alternative influenza A(H1N1) vaccination strategies. The model used was 

an age and risk group structured ODE model (classed as SD in the 

terminology of this Chapter). The model considered three risk groups: 
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seasonal influenza risk groups, pregnant woman, and individuals not at 

risk. The population was split into seven age groups (from under one year 

to 64 years and over). The model assumes heterogeneous mixing based 

on Mossong et al., (2008). The authors used data they had collected 

themselves to determine the QALY losses for an episode of A(H1N1). 

The analysis was performed in real-time whilst the pandemic was ongoing. 

It is likely that the data available, was an underestimate of the actual 

number of infections. Therefore, the number of susceptible individuals still 

available in the population was unknown. To account for this, the authors 

tested different rescaling factors to predict the Autumn wave of the 

pandemic. A multiplier of 10 provided a ‘reasonable fit’ to both epidemic 

waves, the autumn growth rate, and proportion of children who seroconvert 

and was used as the base case, while two other multipliers were used as 

sensitivity analysis (7.5 and 12.5). The authors showed that lower reporting 

levels (higher multiplication factors) result in a smaller second wave. The 

model was calibrated by minimising the Poisson deviance between the 

available data and the model estimations. The best-fitting 1% iterations 

were used to predict the impact of different vaccine interventions.  

Costs and outcomes (measured in QALYs) followed the NHS perspective 

and using the National Institute for Health, and Care Excellence (NICE) 

reported thresholds (£20,000 and £30,000), to determine CE. The author's 

conclusion suggests that vaccinating the high-risk groups is the most CE 

strategy. The probability of this strategy to be CE is over 90% for a £20,000 

threshold. However, the conclusion when the costs of the vaccine are 

assumed not to be sunk, and the Government can decide not to purchase 

the vaccine is not as clear, as the probability of CE is reduced to 15% and 

43% for the £20,000 and £30,000 threshold. All other sensitivity analyses 

performed, show that vaccinating only the at-risk groups is highly CE. If the 

strategy is extended to groups considered not to be at risk, extending it to 

those aged 5 to 14 years was shown to be the most CE alternative. 

However, this result was more sensitive to model assumptions such as 

vaccination timing.  

The article published by Khazeni et al., (2009b) used an ODE model 

(classed as SD) and an MM model to estimate the CE of the influenza 

pandemic A(H1N1) vaccine. The study compares two vaccination 

strategies against the no-vaccination scenario (different levels of 
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vaccination coverage either starting mid-October or mid-November 2009). 

The model assumed homogeneous mixing. The authors found that the CE 

was dependent on the speed at which the pandemic grows and the covered 

population. The authors suggested that early vaccination would be more 

relevant for rapid growth pandemics. The results assumed three sizes of 

the pandemic: R0 values of 1.2, 1.5 and 1.8. The authors performed one-

way uncertainty analyses on key parameters (including the pandemic-size), 

and a PSA but without including uncertainty in the contact parameters. 

Adverse events due to vaccination were considered, but productivity losses 

were not. 

Finally, the article published by Sander et al., (2010) used an individual 

level simulation model estimating a mass vaccination campaign against the 

2009 A(H1N1) pandemic in a city of 13 million individuals. Individuals were 

assigned (based on demographic data from the studied location), an age 

class, a community a household plus a day care, school or workplace 

depending on their age. The vaccination campaign began at the end of 

October 2009 (two weeks before the peak of the pandemic) with 

approximately 45% of the total population assumed to have been 

vaccinated within a period of 14 weeks. The base case scenario assumed a 

vaccine protection of 70% (altered to 80% for the sensitivity analysis). The 

estimated ICER of $9,388 CAN per QALY gained suggested a CE 

intervention. The analysis neither included adverse events due to 

vaccination nor productivity losses. 

  

3.6 Summary 

The initial literature review (with a cut-off date of the 31st of July 2010) 

identified 327 relevant articles. The update (from the 1st of August 2010 

until the end of April 201739) found an additional 257 relevant articles 

(making 584 in total). This search naturally found more relevant hits than 

the 276 found by Kim and Goldie, (2008b) who reviewed the literature 

between 1976 and 2007, however, consistent with their findings, most of 

the published articles found followed a static approach (83%). Most static 

papers followed a DTM or MM methodology. The SD or compartmental 

                                                

39 See Section 3.3.5 for details about the cut-off date 
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modelling technique was the preferred technique when using a dynamic 

model. 

In contrast with the results found by Kim and Goldie, (2008b), the literature 

review identified some simulation models, both static and dynamic.  

 

 

 

 



 

 

Chapter 4. ODE model 

 

 

4.1 Overview of the Chapter 

 

This Chapter details the model used to estimate the CE of the A(H1N1) vaccine during 

the 2009 pandemic in Mexico using an ordinary differential equation (ODE) method 

based on a susceptible-exposed-infectious-recovered (SEIR) approach. The model 

assumed a heterogeneous mixing pattern in a closed population and used a Markov 

chain Monte Carlo (MCMC) routine to generate probabilistic estimates.  

Section 4.2, defines the infectious disease model using ODE. Section 4.3 describes 

how the model was constructed, as well as the main assumptions and initial settings. 

Section 4.4 describes the calibration, parameterisation and results while 4.5 provides a 

summary of the Chapter. 

 

4.2 Defining the infectious disease model using ODE 

 

The ODE model was constructed using standard infectious disease modelling 

techniques with disease progression in individuals characterised by the latent period 

and the infectious period. A differential equation model was constructed that partitions 

individuals into four categories: susceptible; exposed; infectious; and recovered.   

The latent period is defined as the time from infection to when the host is first able to 

transmit the disease to another individual (that is, becoming infectious). The infectious 

period comprises the period in which the individual can transmit the disease to others. 

Figure 4.1 represents this process in the context of a SEIR model.   

Figure 4.1 graphical representation of the SEIR model approach 

 

 

 

 

This type of model structure has been used previously to estimate the spread of the 

2009 influenza pandemic. Eames et al. 2012 replicated the 2009 A(H1N1) pandemic in 

Susceptible Exposed Recovered Infectious 

Latent period Infectious period 
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the UK using an ODE, age-structured model. A brief theoretical background description 

of compartmental models that include ODE models can be found in Appendix II).  

The ODE model constructed here considered the entire Mexican population and 

assumes a heterogeneous mixing structure, based on age group. The model assumes 

a closed population, assumption that was though reasonable since the duration of the 

pandemic was relatively short.  

Death due to the illness or due to natural causes was not considered in the 

epidemiological model. However, the impact of any death due to an infection with the 

A(H1N1) virus, was taken into consideration when estimating the CE of the vaccine. 

This is discussed in further detail in Chapter 6. This assumption was made to simplify 

the modelling and adjustment process and due to limited data on A(H1N1) attributable 

deaths.     

 

4.3 Model structure 

  

4.3.1 Temporality, population and age groups 

The first case of A(H1N1) influenza in Mexico was reported at the beginning of March 

2009, while the end of the pandemic was declared by August 2010.  

The National Council of Population or CONAPO (by its name in Spanish) records data 

on the population of Mexico by age and sex. CONAPO estimates the population at the 

beginning and middle of each the year. For the analyses undertaken in this thesis, the 

population in mid-2009 was used: 107,507,300 individuals (CONAPO, 2012).  

The total population was categorised by age. In Mexico children between 3 or 4 and 15 

years of age are obliged to attend school. In addition, children from 3 months until three 

years can attend nursery. Individuals aged 16 years or older can enter the labour 

market or continue with high school and undergraduate or postgraduate studies.40  The 

30 to 60-year-old age group mainly constitutes the core of the working population. The 

retirement age for most the population is between 60 and 65 years. 

The following age groups were considered appropriate given the spread of the lab-

confirmed cases and the general population distribution of activities (school age 

                                                

40 In 2011, a reform in the law made high school or superior level education mandatory, meaning that 

people would not be able to access the labour market until they are 18 years.  
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individuals, working class and retirement age): 0 to 15; 16 to 29; 30 to 59; and 60 years 

and over. Table 4.1 shows the distribution of cases and the total population in each age 

group.  

 

Table 4.1 Distribution of infected cases and total population in the selected age 
groups 

Age 

Number of lab-
confirmed cases* 

(%) 

Total population 
(%) 

0 to 15 
29,414 33,034,807 

(47) (31) 

16 to 29 
17,657 27,078,077 

(28) (25) 

30 to 60 
14,616 38,306,904 

(23) (36) 

60 and 
over 

1,273 9,087,542 

(2) (8) 

Total 62,960 107,507,330 

*Total number of lab-confirmed cases from March (start of the pandemic) until November 2009 (last month 
of the daily recording of lab-confirmed cases).   

 

4.3.2 Contact matrix 

The rate at which infection was spread throughout the defined age groups was 

dependent on the prevalence of infectious individuals within the population, the 

prevalence of susceptible individuals and the numbers of effective contacts made by a 

susceptible individual. The effective contact rate was determined based on the 

assumed number of contacts made by individuals and the rate of transmission of 

disease.  

A 4 x 4 contact matrix was defined to determine the number of contacts made by 

individuals in each age group. No information on how individuals in Mexico enter into 

contact with each other exists. Therefore the entries were based on POLYMOD 

(Mossong et al., 2008). The contacts between the aimed age groups from the UK were 

adjusted by the size of the population in Mexico and reciprocity.   
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Table 4.2 Assumed contact Matrix for the Mexican population based on 
POLYMOD 

 0-15 16-29 30-59 60+ 

0-15 11.83 2.54 4.19 0.83 

16-29 2.81 8.51 4.48 0.99 

30-59 3.64 3.51 5.59 1.03 

60+ 2.97 3.21 4.27 0.84 

 

While the contacts between individuals in different age groups were fixed, the numbers 

of effective contacts were included within the MCMC process (described in Section 4.4 

of this Chapter). 

Based on the lab-confirmed dataset, the spread of the disease in Mexico showed three 

waves (described in Chapter 2). An initial rise in cases was followed by the first decline 

which was created by the implementation of several Government actions (between 27th 

April and 29th May). After the government measures, there was a subsequent increase 

in the number of confirmed cases. The second decline coincided with the end of the 

school term presumably due to the reduction in the numbers of contacts per child of 

school age. Towards the end of this second wave, on the 18th July, the Mexican 

government announced the decision to purchase the vaccine as they were expecting a 

third wave once the school resumed at the end of August 2009.  

It was assumed that both Government actions and school holidays would result in 

fewer effective contacts per individual due to a reduction in contacts. To not overfit the 

model, it was assumed that the decrease in effective contacts was identical for both 

Government actions and school holidays. A “reduction in contacts” parameter was 

used to reduce the contacts during the periods described above. The parameter was 

included within the MCMC process (Section 4.4). 

 

4.3.3 Under-reporting and pre-existing immunity 

Under-reporting 

The information on the total number of lab-confirmed cases provides insight on how the 

disease spread during the pandemic emergency. However, the actual number of 

infections within the population is unknown as the lack of virological evidence would 

have resulted in an underestimation of this number. It is also likely that a significant 
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number of individuals with A(H1N1) were asymptomatic or had sufficiently mild 

symptoms that they did not seek medical attention (Eames et al., 2012; Chowell et al., 

2011; Elizondo-Montemayor et al., 2011). As such, it is thought that the available 

dataset containing only lab-confirmed cases could significantly underestimate the 

actual number of infections that occurred during the pandemic.  

 A total of four reporting rates (RR) were included into the model (one for each age 

group). These parameters were introduced to rescale the spread of the disease to 

match the available information, in this case, the number of lab-confirmed cases in the 

population. (more details on how these parameters were calibrated in Section 4.4).  

Pre-existing immunity 

Pre-existing immunity was likely, particularly in older age groups. Therefore, the model 

considers those individuals who could not contract the disease, based on prior 

immunity. Sensitivity analysis was performed assuming no prior immunity.  

 

4.3.4  Vaccination 

 

The reduced probability of acquiring the disease when a susceptible individual receives 

a vaccination depends on the degree of protection that the vaccine confers. Any 

protection, however, is not immediate and is related to the type of vaccine and 

individual characteristics.  

Non-immunised individuals can benefit from a vaccination campaign. If the vaccination 

strategy is significant, they face a reduced probability of meeting an infectious 

individual and their probability of acquiring the disease decreases. This phenomenon is 

known as herd immunity (HI) and affects how the disease spreads in the population.  

The Mexican Government purchased approximately 30 million vaccines. The 

vaccination campaign began on the 27th November 2009 and ended on the 21st of April 

2010 lasting 145 days in total. Although the campaign was focused initially on 

vulnerable groups, for simplicity the CE of two vaccination strategies was tested: i) 

vaccinating groups in proportion to the size of each cluster (population strategy) and ii) 

vaccinating groups in proportion to the numbers of lab-confirmed cases at 18th of July 

2009 (lab-confirmed strategy). Table 4.3 shows the estimated proportions vaccinated 

under each strategy.  
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Table 4.3 Proportion of vaccines applied under the two scenarios 

Age groups Population Strategy Lab confirmed strategy 

0-15 31% 51% 

16-29 25% 28% 

30-59 36% 20% 

60 over 8% 1% 

 

The model assumes that a proportion of the vaccinated individuals would become 

permanently immune to the infection while non-responders will remain susceptible to 

infection. This percentage was given by the effectiveness of the vaccine (details 

provided below). 

 A lag was introduced from the time of the vaccination to when protection was 

conferred. The lag was assumed fixed at 14 days (Córdova-Villalobos et al., 2010).41 In 

accordance with the immunisation strategy of the Mexican government during the 2009 

A(H1N1)  pandemic, only one dose of the vaccine was modelled. 

The model allows the possibility of considering several different strategies such as 

universal or targeted vaccination, and different vaccination schedules. However, the 

fact that the population was categorised by the age groups stated above, limits the 

possibility to test scenarios of targeted vaccination at subgroups such as pregnant 

women or alternative age groups such as 0 to 2-year-olds for example.  

The model assumes that the vaccine was applied at a constant rate during the duration 

of the campaign. It is also assumed that although a proportion of already exposed or 

infectious individuals might have been vaccinated, this would not have an effect on 

their disease or on the probability of infecting other individuals. The following set of 

differential equations describes the model (Equation 4.1). Whilst people who have 

recovered may be vaccinated this would not affect the disease dynamics. 

  

                                                
41 According to Córdova-Villalobos et al. (2010) the maximum immunity could be achieved between two 
and four weeks. It was assumed that the average time was of two weeks, as this was also the mean value 
assumed in Baguelin et al. (2010) 
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Equation 4.1 Differential equation model including a vaccine intervention 

 
𝑑𝑆𝑖

𝑑𝑡
⁄ = −β𝑆𝑖 ∑ 𝑖,𝑗

𝐼𝑗
𝑛𝑗

⁄ − 𝑣𝑆𝑖
𝑗

 

 
𝑑𝐸𝑖

𝑑𝑡
⁄ = β𝑆𝑖 ∑ 𝑖,𝑗

𝐼𝑗
𝑛𝑗

⁄ − 𝑟
𝑗

𝐸𝑖 

 
𝑑𝐼𝑖

𝑑𝑡
⁄ = 𝑟𝐸𝑖 − 𝑔𝐼𝑖 

 

𝑑𝑅𝑖
𝑑𝑡

⁄ = 𝑔𝐼𝑖 + 𝑣𝑆𝑖 

 
Where:  
𝑆𝑖 =  𝑆𝑢𝑠𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑖 
𝐸𝑖 = 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑖 
 𝐼𝑖 = 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑖 
𝑅𝑖 = 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑖 
𝛽 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛  
 = 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 
{

𝑖,𝑗
} = Contact Matrix: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 𝑒𝑎𝑐ℎ 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑖 𝑚𝑎𝑘𝑒𝑠 𝑤𝑖𝑡ℎ 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗   

𝑛𝑗 = 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 𝑗 

𝑟 = 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑟𝑎𝑡𝑒 𝑜𝑟  

𝑟 =  1
𝑙𝑎𝑡𝑒𝑛𝑡 𝑝𝑒𝑟𝑖𝑜𝑑⁄  

𝑔 = 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 𝑜𝑟  

𝑔 =  1
𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠𝑛𝑒𝑠𝑠 𝑜𝑟 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑝𝑒𝑟𝑖𝑜𝑑⁄  

𝑣 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑣𝑎𝑐𝑐𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 
𝑖 = 1, 2, 3, 4 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 
𝑗 = 1, 2, 3, 4 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 
 

 

4.3.5 Software 

The software used to construct the model was R. R allows an MCMC approach to be 

employed allowing probabilistic analysis to be conducted. 

 

4.4 Calibration 

The calibration process fitted the output of the ODE model to the lab-confirmed data 

when taking RRs into consideration. The model was calibrated up to the time at which 

the decision to purchase the vaccine was announced. Therefore, only data known or 

estimated up to this time point was used where available. If necessary, values from 

later periods were used and sensitivity analyses performed. From the data known at 

the date of the decision to purchase the vaccines, it was not possible to robustly 

estimate the number of susceptible individuals in the population at that time point. 

Therefore, it was necessary to make some assumptions regarding the RR. Three 

scenarios were considered using different reporting rates for the 0-15-year-old age 

group: 0.001 (one lab-confirmed per 1,000 infected), 0.01 (one lab-confirmed per 100 
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infected) and 0.75 (one lab-confirmed per 1.33 infected) RRs. The calibration, (which 

included the relative RRs for the remaining age groups) was undertaken for each of the 

three RRs.    

An MCMC approach was used for the calibration. MCMC are algorithms used to 

generate a sample from the joint posterior distributions, which may not follow any 

standard parametric form and allow the correlations between the chosen parameters to 

change to be maintained.  

The process was categorised into seven steps following  Vanni et al. (2011). A 

summary of the main characteristics of the adjustment process are mentioned as 

follow:  

1. Selection of the parameters to be varied in the calibration process 

Five parameters were adjusted: rate of transmission (𝜷); Three RRs with the RR in 

the 0-15 age group assumed to be fixed at three different values: (0.001, 0.01 and 

0.75); three parameters providing the relative RRs in the 16-39 years, 40-59 years 

and 60 years and over groups; and a reduction in contact parameter (described in 

section 4.3).42 

2. Selection of the calibration targets  

Data on lab-confirmed cases compiled by the MMH for each of the four age groups 

(0-15, 16-29, 30-59 and 60 & over) 

3. Definition of the measure of goodness of fit (GOF) to be used 

A Poisson likelihood was used for the lab-confirmed counts where the rate 

parameters were determined by the ODE solution and the RR parameters. 

4. Definition of the parameter searches strategy 

An MCMC method using an Automated Factor Slice Sampling method as 

described in Tibbits et al. (2014) implemented in R following code developed by Dr 

Peter Dodd (University of Sheffield). This method was thought to be more suitable 

than affine invariant approaches due to its ability to produce traditional diagnostic 

tests to ensure that there was good mixing within the MCMC chains. 

5. Definition of what determines an acceptable GOF parameter set or convergence 

criteria  

Several convergence diagnostics were undertaken to assess the validity of the 

adjustment: trace and density plots; assessment of the correlation between the 

                                                

42 A model with only three variables was tested but the Akaike information criterion (AIC) applied to the 
maximum-likelihood fit showed that the 6 variables model was a better fit. 
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chosen parameters; autocorrelation between draws; visual overlay of chains and 

Gelman-Rubin multiple sequence diagnostic test (diagnostic graphs for the 0.01 

RR are shown in section 4.4. The rest are shown in Appendix IV)  

6. Determination of the termination rule of the calibration 

The calibration process was terminated when convergence was achieved, 

evaluated with the diagnostic tests described in point 5. 

7. Integration of the model calibration results and economic parameters.  

Independent draws from a thinned chain were used to run the model with and 

without vaccine to estimate the CE of the vaccine using the data at the time the 

decision was made. 

 

4.4.1 Calibration process 

The model use data from the 12th April at which point the numbers of lab-confirmed 

infections rapidly increased, to the 18th of July 2009 the date at which the decision to 

purchase the vaccine was made public (day 98 in the model).  

The ODE model in R, used the “DeSolve” package (to solve the differential equation 

model) followed by the “Optim” package, to obtain the “best fitting” answer given the 

data to use as starting point for the MCMC process.  

The optimisation was performed using the Nelder-Mead method as it produced results 

more quickly than other methods tested. It was thought that using a different 

optimisation method would not have an impact on the end results of the adjustment 

provided that the MCMC chains mix appropriately after a burn-in period.   

The “best fitting” answer was perturbed randomly using a multiplier of 1+ draw of a 

normal distribution function (0,1)/5 to establish different starting points for each chain in 

the MCMC routine.43 Three perturbations were used in the MCMC routine.  

The mixing of the chains was tested using trace and density plots, correlation, and 

autocorrelation test. The MCMC chains exhibited good mixing as shown in Section 

4.4.3 and Appendix IV.  

This process was undertaken for three reporting rates for the 0-15-year age group: 

0.001; 0.01; 0.75. These three parameters were chosen to explore a broad range of 

RRs. A 0.75 RR was assumed to constrain the RR in the 15-29 group to be below 

                                                

43 The 95% CI of the multiplier was between 0.6-1.4 
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100% based on analysis of preliminary results. This RR was considered high enough to 

show the potential impact of the vaccine in a high reporting rate scenario.  

 

4.4.2 Parameterisation of variables not included in the MCMC routine 

Prior-immunity and recovered population at the start of the model: a literature search in 

OVID Medline attempting to identify on serological testing articles to estimate prior 

immunity to the 2009 pandemic virus found no specific papers relating to the Mexican 

context.44 As such, data by Miller et al., (2010) on serum samples obtained in 2008 to 

assess the prevalence of antibodies to the 2009 A(H1N1) pandemic was used. This 

assumption imposes a limitation as the potential values used are specific to the UK 

context, and the Mexican Government did not know these data at the time of the 

decision although it is likely that it would have suspected some immunity. Pre-existing 

immunity was assumed per age group (Table 4.4) with such people assumed to be 

recovered. To explore the impact of the limitations in the prior immunity data used a 

sensitivity analysis was conducted assuming zero prior immunity. 

Infected and exposed population at the beginning of the model: it was assumed that 

the number of infectious people in the model was the same as the number of exposed. 

These values were calculated based on the actual number of lab-confirmed cases at 

the beginning of the modelling process (12th April 2009) adjusted by the RR scenario.  

Susceptible population at the start: total population in Mexico during 2009 

(107,507,330) minus pre-existing immunity (recovered), infected and exposed 

population.  

Mean generation time: This was set in the base case to 1.9 days, based on Fraser et 

al. (2009) and assuming a latent period of 1 day and an infectious period of 1.8 days. 

The Fraser et al. (2009) estimation, however, does not provide a breakdown for the 

latent and infectious period. To facilitate populating the model, a study published after 

the conclusion of the pandemic was used (Eames et al., 2012), which assumed a latent 

and infectious period of 1 and 1.8 respectively. These values were derived by a 

modelling work by Baguelin et al. (2010) using data from the UK between 1st June and 

18th of October 2009. Using the definition of the generation time by Cummings and 

                                                
44 The Mesh terms used were: Seroepidemiologic Studies; Influenza Human; Influenza A Virus; H1N1 
subtype; Influenza A virus; Influenza Vaccine; Pandemics; Antibodies Monoclonal; Cross Reaction; 
Antibodies, Viral; Pre-existing immunity AND Mexico 
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Lessler, (2014) 45, the Eames et al. (2012) values have a generation time of 1.90 days 

which is very similar to the value of 1.91 generation time estimated by Fraser et al. 

(2009). Given the costs associated with the purchase of the vaccine, it was likely that 

the MMH would have been attempting to estimate the relative size of the latent and 

infectious period, and it was assumed that this would be similar to the ratio provided in 

Eames et al. (2012).  

To assess the sensitivity of the model to generation time, scenario analyses were also 

undertaken assuming the lower and upper CIs of generation times estimated by Fraser 

et al. (2009) (1.3 and 2.71) and the CE of the vaccine intervention estimated (Chapter 

6).    

Contact matrix: see details section 4.3.2 

RRs: the RR for the 0-15 age group was set as reference and was fixed at 0.01, 0.001 

and 0.75 

Vaccine effectiveness: was not included as the epidemiological model was calibrated 

only up to the point where the decision was made.  

Table 4.4 provides a summary of the different parameters used in the model, their 

assumed values and the acronym used in the text of the thesis.  

  

                                                
45 The following definition of mean generational time was used: “If infectiousness is evenly distributed 
across the infectious period, then the mean generation time will be equal to the mean latent period plus 
one-half the mean infectious period” from Cummings and Lessler, (2014). 
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Table 4.4 Parameters utilised in the model 

Parameter Acronym Value Source/Comment 

Pre-infectious or latent 
period 

- 1 day Eames et al., (2012) 

Infectious period - 1.8 days Eames et al., (2012) 

Rate of recovery g 1/1.8  

Rate of becoming 
infectious 

r 1/1  

Rate of transmission of 
the disease 

β Calibrated - 

Reporting rates    

     0-15 𝑅𝑅1 0.001; 0,01; 0.75 Three models were 
run, one for each RR      16-29 𝑅𝑅2 Calibrated 

     30-59 𝑅𝑅3 

     60 and over 𝑅𝑅4 

Pre-existing immunity* 

     0-15 𝑝1   2.79% Miller et al., (2010) 

     16-29 𝑝2 17.50% 

     30-59 𝑝3 12.00% 

     60 and over 𝑝4 23.32% 

Susceptible and recovered individuals at the start of the model 

     0-15 𝑆1, 𝑅1 - Susceptible: total 
population minus pre-
existing immune 
individuals, initial 
infected and exposed 
Recovered: pre-
existing immune 
individuals 

     16-29 𝑆2, 𝑅2 - 

     30-59 𝑆3, 𝑅3 - 

     60 and over 𝑆4, 𝑅4 - 

Values for both the initial infected and exposed at the start of the model 

     0-15 𝐼1, 𝐸1 8/𝑅𝑅1 Derived from the 
actual number of lab-
confirmed cases and 
adjusted according to 
the RR used 

     16-29 𝐼2, 𝐸2 6/𝑅𝑅2 

     30-59 𝐼3, 𝐸3 6/𝑅𝑅3 

     60 and over 𝐼4, 𝐸4 2/𝑅𝑅4 

*Based on Miller et al., (2010) who reported data for the 0-4; 5-14; 15-24; 25-49; 50-64; 65-74; 75-79 and 80 and over 
age groups. The data from 0-4 and 5-14 were used to estimate the 0-15 pre-existing immunity; the data of the 15-24 
age group was assumed for the 16-29 age group. The data of the 25-49 and 50-64 age groups was used for the 30-60 
while the 65-74; 75-79 and 80 for the 65 and over age group 
 

  

4.4.3 Results from the MCMC routines 

The diagnosis tests showed good mixing of the chains while correlation was observed 

between parameters. After a burn-in of 5,000 iterations followed by 5,000 further 

iterations, the chains were evaluated to determine if they had converged. The first 

diagnostic was performed by via a visual inspection of a trace plot. The trace plot aids 

in determining whether the chain is mixing well (moving around the parameter space).  

The parameters were transformed to logarithmic form for the calibration and referred as 

in the diagnostic charts: reduction in contact parameter: logRedBeta; RR 60 and over: 
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logRR4Mult; RR 30-59: LogRR3Mult; RR 16-29: LogRR2Mult; rate of transmission: 

LogBeta. Figure 4.2 provides the results when assuming an RR of 0.01 for the 0-15-

year age band.  

Figure 4.2 pane a displays the results of the trace plot and shows that the chain has a 

good mixing around the parameter space for all the calibrated parameters. 

Figure 4.2 pane b shows density and correlation plots. These plots aimed to determine 

the normality of chain and if correlation between the calibrated parameters existed. As 

observed, the density plot of all five parameters appears to follow a normal distribution. 

Furthermore, the correlation observed is consistent with what it is expected, for 

example, the rate of transmission (named as Beta in the graph) had a negative 

relationship with the reduction in Beta. This was anticipated, as for higher values of 

Beta, bigger reductions in Beta during Government closures and school holidays assist 

in fitting the fixed data better.  

Figure 4.2 pane c provides a visual representation of the autocorrelations between 

draws. In a chain with a good mixing, it is expected to see that the kth lag 

autocorrelation becomes smaller as k increases. Autocorrelation was observed to be 

zero or near to zero at the 25th lag. This value was therefore used to thin the chain, with 

5,000 iterations after the burn-in period being reduced to 200 samples to use in the 

PSA.  

Figure 4.2 pane d shows an overlaid trace plot. This test has an objective to test if 

different starting values will reach the same parameter space. As described in section 

4.4.3, three different perturbations from the “best fitting” answer were evaluated. It can 

be observed the three chains overlap considerably.  

Additionally, the Gelman-Rubin test was performed on the chains used. This test uses 

the within-chain and between-chain variance to calculate the potential scale reduction 

factor. This factor should be below 1.1 for all parameter. Otherwise, the chain needs to 

be run further. Both Figure 4.2 pane e and pane f show that the potential scale 

reduction factor in all parameters reaches a number very close to 1 at 5,000 iterations 

after the burn-in period. The diagnostics plots of the 0.001 and 0.75 RR scenarios can 

be found in Appendix IV. 
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Figure 4.2 Trace plot, density plots and correlation for the 0.01 reporting rate  
scenario 

 
 
 

 

 

a) Trace plot b) Density and correlation plots 

 
 

c) Autocorrelation plots d) Overlayed trace plots 
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e) Gelman plots f) Gelman diagnostics 

 

 

All outputs shown were obtained directly from R 
Reduction in contact parameter: LogRedBeta; RR 60 and over: LogRR4Mult; RR 30-59: LogRR3Mult; RR 
16-29: LogRR2Mult; rate of transmission: LogBeta.  

 

 

4.4.4 Discussion of the estimated trends 

When calibrating the model at the time the decision was made it was not possible to 

determine the number of susceptible individuals that remain in the population. That 

would have an impact on the overall trend of the pandemic as the natural depletion of 

the susceptible population will signal the end of the pandemic. 

Lipsitch et al. (2009) have estimated that the RR for the A(H1N1) in Mexico by the 30th 

of April at a factor of 100 cases per one reported. 

The three reporting rate scenarios were chosen to cover three possible scenarios: a 

low (0.001 or one reported case per 1,000 infections), medium (0.01 or one reported 

case per 100 infections) and high reporting rate (0.75 or one reported per 1.33 

infections). 

Figure 4.3 shows the estimated spread of the three reporting scenarios considered 

after thinning the chain. The figure indicates that given a 0.001 RR most notifications 

occurred during the first phase of the pandemic, in this case, the susceptible are 
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depleted early. In the case of the A(H1N1) pandemic in Mexico, it means that no third 

wave was observed. When the RR is 0.01, the spread of the pandemic shows three 

waves with the third wave having the largest number of notifications. Lastly, when an 

RR of 0.75 was assumed, the third wave dwarves the first two waves. 

Irrespectively of the reporting RR, the model estimated between 19 and 22 million 

overall infections. When the generation times were changed, the model estimated 

between 14 and 19 million infections (generation time of 1.3) and between 26 and 28 

million total cases (generation time of 2.7). Appendix IV Figure IV.3 shows the spread 

of the pandemic for the three mean generation times assumed. 

Given the actual number of notifications at the end of the pandemic, 72,548 lab-

confirmed cases were reported by the MMH, using this information and the average 

ODE model estimations (20.73 million total), the RR would be around 0.0035 (1 

notification per 286 infections).  

     

 

 

 

 

 

 

 



 

 

Figure 4.3 Estimated trends of the pandemic depending on reporting rate 

0.001 0.01 0.75 

   

x-axis represents time, y-axis total number of notifications;  
Decision time occurred on the 18th July 2009 or day 98 in the model 
Lines in pink correspond to the total number of estimated infections in all ages 
Lines in orange correspond to the 0-15 age group; Lines in olive correspond to the 16-39 age group; Lines in green correspond to the 40-59 age group; 
Lines in blue correspond to the 60 and over age group 
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4.5 Summary  

 

This Chapter describes how the ODE model was constructed and calibrated using the 

data at the time the decision to purchase the vaccines was made public. The model is 

an ODE model for the entire Mexican population during the 2009 A(H1N1) pandemic. 

The Mexican population was divided into four age groups: 0-15 years; 16-29 years; 30-

59 years and 60 years and over. It followed a SEIR structure and assumed a 

heterogeneous mixing pattern within a closed (and non-ageing) population. Under-

reporting and pre-existing immunity were taken into consideration. The model was 

constructed in R and had a time horizon of 600 days.   

The model was calibrated using an MCMC routine by maximising the likelihood of the 

model parameters given the lab-confirmed data. The method used was the Automated 

Factor Slice sampling method described in Tibbits et al. (2014) and was implemented 

in R using a package developed by Dr Peter Dodd (University of Sheffield).  

The model was calibrated to the only available data: lab-confirmed cases. These data 

captured only confirmed cases of A(H1N1) from those with ILI disease who sought 

medical attention. A total of 5 variables were subject to calibration in the MCMC 

routine: the rate of transmission, three RRs and a reduction in contact parameter. The 

epidemiological model does not include mortality due to disease or natural caused.  

Calibration was undertaken three times, once each for RR in the 0-15 years of 0.001, 

0.01 and 0.75. Mixing of chains was observed to be good as assessed by trace and 

density plots, correlation between parameters visual overlay between chains and 

Gelman-Rubin test. A selected chain was thinned selecting every 25th sample leaving 

200 parameters sets to use in the PSA (described in Chapter 6).  

 

 



 

 

Chapter 5. Discrete Event Simulation Model 

 

5.1 Overview of the Chapter 

This Chapter describes the discrete event simulation model built, in an iterative 

approach to estimate the CE of the 2009 A(H1N1) vaccine in Mexico. This DES model 

was constructed before the ODE model. However, ultimately, given the complexity of 

the pandemic along with the characteristics of modelling with DES, it was found not to 

be an appropriate approach. The ODE model (described in Chapter 4) was then 

constructed incorporating improvements that were not included in the DES model. 

Therefore, the two models are not identical. This Chapter describes the method, the 

calibration attempt and the reasons why it is believed it failed to achieve what was 

intended. 

The Chapter is divided into five sections. Section 5.2 defines the conceptual infectious 

disease model developed using a DES approach. Section 5.3 focuses on the structure 

of the model, the main parameters, variables and the software in which the model was 

implemented. Section 5.4 describes the calibration method and the reasons why it was 

believed not to be successful. Lastly, the Chapter summary follows in Section 5.5 

 

5.2 Conceptually defining the infectious disease model using DES  

The DES model considered the entire Mexican population and assumed a 

heterogeneous mixing structure. The population was divided into four age groups: 0-

15-years; 16-29-years; 30-59-years and 60-years and over.46 The DES model assumes 

a non-ageing closed population. Death was not considered explicitly within the model.  

The DES technique is stochastic and individual-based by nature (a brief theoretical 

background on the DES modelling technique can be found in Appendix III). One of the 

key elements to consider in attempting a modelling technique with those characteristics 

is the total population to be analysed. As previously stated, the population of Mexico 

during the A(H1N1) epidemic was approximately 107 million, a number too large to be 

explicitly modelled using an individual level approach. To allow a simulation of the 

pandemic, a decision was made to record only exposed and infectious individuals.  The 

advantage of this method is in significantly reducing the computational burden, as 

susceptible and recovered patients are not modelled individually.  

                                                
46 The age groups were established following the same logic and proportions as in the ODE 
model (described in Chapter 4). 
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The transitions from exposed to infectious and from infectious to recovered were 

explicitly simulated. Whilst patients were in the infectious state, the model simulated 

the contacts made by the individual (and the status of the person encountered – 

susceptible, exposed, infectious, recovered/immune) and whether the disease was 

transmitted to those who were susceptible. The process of simulating the experiences 

of each infectious patient allows the model to capture the dynamic nature of the 

epidemic and to incorporate HI. Figure 5.1 shows the general structure of the DES 

model. 

Figure 5.1 General Structure of the model 

 

This is the simulated experience of an exposed patient. When the patient recovers gains immunity to 

further infection with the pandemic A(H1N1) virus 

 

Contacts were assumed to occur daily to simulate the disease in accordance with the 

available data. The numbers of susceptible and exposed individuals were updated 

instantly following disease transmission which resulted in a changing force of infection. 

As described below, under-reporting was acknowledged when developing the model, 

but the model structure outlined in the sections below correspond to the model 

assuming 100% RR. Given the calibration results and the complexities found when 

using the DES method, which is detailed in this Chapter, any further attempts to run or 

calibrate this model were not attempted.  

 

5.3  Model Structure  

The model construction was an iterative process. Following the development of a 

model deemed conceptually appropriate and to have been coded correctly, 

amendments were made that decreased the computational time required whilst 

maintaining the same results. This approach was undertaken so that there was clarity 

within the initial model construction process.  

The final model structure is shown in Figure 5.2. The infected enter the model via their 

corresponding age group entry point. Immediately after the patients travel to their 

Exposed Infectious 

Susceptible 

individuals 

Recovered 
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corresponding age group work centre where contacts are simulated (No. 1, Figure 5.2). 

After completing their daily contacts, people exit the model. This process continues 

until no more infectious individuals remain or the time horizon of the simulation is 

reached. 

 

Figure 5.2 Final structure of the model 

 

 

The simulation relies on a series of spreadsheets embedded in the software. These 

spreadsheets account for the simulated numbers of exposed, infectious and recovered 

for each age group. These were used to estimate the newly infectious individuals 

entering the simulation at day 𝑘 + 1 as the sum of exposed individuals who become 

infectious at the end of day 𝑘 plus the infectious at the start of day 𝑘 minus the 

infectious individuals at the start of day 𝑘 who have recovered by the end of day 𝑘 

(Equation 5.1). 

 

Equation 5.1 Infectious individuals introduce into the model at day k+1 

𝑫𝑬𝒏𝒕𝒓𝒂𝒏𝒕𝒔𝒊𝒌+𝟏  = 𝑬𝒙_𝑰𝒏𝒇𝒊𝒌 + 𝑰𝒏𝒇𝒊𝒌 – 𝑹𝒊𝒌     
 
𝑖 = 1 𝑡𝑜 4  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝   
𝑘 = 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑎𝑦: 1 𝑡𝑜 𝑁 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑎𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙   
 
Where: 
 
𝐷𝐸𝑛𝑡𝑟𝑎𝑛𝑡𝑠𝑖𝑘+1 = 𝐷𝑎𝑖𝑙𝑦 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝐸𝑛𝑡𝑟𝑎𝑛𝑡𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙 𝑜𝑛 𝑑𝑎𝑦 𝑘 + 1  

1 1 

1 1 

 
Age Grp 1 
Entry point  

 
Age Grp 2 

Entry point 

 
Age Grp 3 
Entry point 

 

 
Age Grp 4 

Entry point 

Age Grp 1 
daily 

Contacts 

Age Grp 2 
daily 

Contacts 

Age Grp 3 
daily 

Contacts 

 

Exit 

Age Grp 4 
daily 

Contacts 
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𝐸𝑥_𝐼𝑛𝑓𝑘 = 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑤ℎ𝑜 𝑏𝑒𝑐𝑜𝑚𝑒 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑑𝑎𝑦 𝑘 

𝐼𝑛𝑓𝑘 = 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑑𝑎𝑦 𝑘   
𝑅𝑘 = 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑤ℎ𝑜 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑜𝑓 𝑑𝑎𝑦 𝑘 𝑤ℎ𝑜 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑦 
 
 

5.3.1 Temporality, population and age groups  

The simulation was intended to run for 500 days. The total population was based on 

information reported by CONAPO: 107,503,300 individuals (CONAPO, 2012) and was 

divided into four age group: 0-15 years; 16-29 years; 30-59 years and 60 years and 

over. 

5.3.2 Contacts between age groups and disease transmission 

Infectious individuals enter into contact with individuals daily according to a contact 

matrix. Since four age groups were considered a 4x4 contact matrix was constructed.  

The 4x4 matrix requires 16 parameters. However, logically the contacts between pairs 

of groups are dependent resulting in only ten parameters needing to be estimated. 

Since the size of the population in each of the chosen age groups was different an 

adjustment factor (fij) was introduced to maintain logical consistency. For illustration, 

consider that there are two groups: Group 1 (50 people) and Group 2 (200 people). If 

on average a person in Group 1 met one person from Group 2 each day, then there 

would be 50 contacts between the groups, and thus, on average each person from 

Group 2 would meet 0.25 people from Group 1. This would equate to an adjustment 

factor for Group 2 meeting group 1 compared with the contacts of group 1 meeting 

Group 2 of 50/200. The adjustment factors are shown in Table 5.1. 

Table 5.1 Population adjustment factors or 𝒇𝒊𝒋 

 Age Population 
Factor 

0-15 16-29 30-59 60 & Plus 

0-15 33,034,807 
(A1) 

    

16-29 27,078,077 
(A2) 

𝑓21 = 1.22 
(A1/A2) 

   

30-59 38,306,904 
(A3) 

𝑓31 = 0.86 
(A1/A3) 

𝑓32 = 0.71 
(A2/A3) 

  

60 & Plus 9,087,542 
(A4) 

𝑓41 = 3.64 
(A1/A4) 

𝑓42 = 2.98 
(A2/A4) 

𝑓43 = 4.22 
(A3/A4) 

 

 

The number of parameters to be estimated in the model was a concern (due to the 

calibration process required and the risk of overfitting the model). The number of 
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contact parameters to be estimated was reduced to 4, one for each age group. Only 

the sum of contacts per age group excluding contacts already calculated in younger 

age groups was considered as a parameter. These calculations are shown in Table 

5.2. 

 

Table 5.2 Contact matrix on the number of daily contacts per age group 

Age 0-15 16-29 30-59 60 & over 
Sum of total 
contacts 

0-15 𝐶11 =  𝑇𝐶1 ∗ 𝑍1  𝐶12 =  𝑇𝐶1 ∗ 𝑍2 𝐶13 = 𝑇𝐶1 ∗ 𝑍3 𝐶14 = 𝑇𝐶1 ∗ 𝑍4  𝑇𝐶1 

16-29 𝐶21 = 𝑓21 ∗ 𝐶12 𝐶22 = 𝑇𝐶2 ∗ 𝑌2 𝐶23 = 𝑇𝐶2 ∗ 𝑌3 𝐶24 = 𝑇𝐶2 ∗ 𝑌4 𝑇𝐶2 

30-59 𝐶31 = 𝑓31 ∗ 𝐶13 𝐶33 = 𝑓32 ∗ 𝐶23 𝐶33 = 𝑇𝐶3 ∗ 𝑋3 𝐶34 = 𝑇𝐶3 ∗ 𝑋4 𝑇𝐶3 

60 & over 𝐶41 = 𝑓41 ∗ 𝐶14 𝐶42 = 𝑓42 ∗ 𝐶24 𝐶43 = 𝑓43 ∗ 𝐶34 𝐶44 = 𝑇𝐶4 𝑇𝐶4 

 

Where: 
𝑍𝑖 =

𝑛𝑖
𝑁⁄  𝑓𝑜𝑟 𝑖 = 1, 2,3, 4 

𝑌𝑖 =
𝑛𝑖

(𝑁 − 𝑛1)⁄  𝑓𝑜𝑟 𝑖 = 2, 3,4 

𝑋𝑖 =
𝑛𝑖

(𝑁 − 𝑛1 − 𝑛2)⁄  𝑓𝑜𝑟 𝑖 = 3,4 

𝐶𝑖𝑗 = 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

𝑓𝑖𝑗 = 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 

𝑖 = 1, 2, 3, 4 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 

𝑗 = 1, 2, 3, 4 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 
𝒏𝒊 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒊𝒏 𝒑𝒐𝒑𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒊 
𝑵 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒊𝒏 𝒕𝒉𝒆 𝒆𝒏𝒕𝒊𝒓𝒆 𝒑𝒐𝒑𝒖𝒍𝒂𝒕𝒊𝒐𝒏 

 

Given the focus on infectious individuals, once a contact of an infectious individual was 

simulated it was necessary to determine if it was with a susceptible individual. On an 

individual basis this was assumed to occur if a draw from a uniform (0,1) distribution 

was lower than the prevalence of susceptibles within the relevant age group (
𝑆𝑗

𝑛𝑗
⁄ ) 

where 𝑆𝑗 is the number of susceptibles in group 𝑗 and 𝑛𝑗 is the total population in group 

𝑗. 

If the contact was with a susceptible individual, then the model determined if an 

exposure occurred. The definition of the new exposure was based on the probability of 

transmission given a contact (𝑃𝑟𝑇 ). If the value of a random number sampled from a 

uniform (0,1) distribution𝑃𝑟𝑇  was lower than then it was simulated that an infection 

would occur. The value of 𝑃𝑟𝑇  was estimated when calibrating the model. 
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If the contact resulted in new exposure, the number of susceptibles and exposed 

individuals’ updates resulting in a lower prevalence of susceptible individuals. 

In contrast to the ODE model (Chapter 4), the possibility of differential probability of 

transmission for each age group was considered. This adjustment rate was used to 

modify the 𝑃𝑟𝑇. This is shown in Equation 5.2. 

 

Equation 5.2 Transmission adjustment factor for each age group 

𝑃𝑟𝑇𝑗 = 𝑃𝑟𝑡 ∗ 𝐴𝑗 

 
Where: 
𝑃𝑟𝑇 = 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑔𝑖𝑣𝑒𝑛 𝑎 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑎 𝑠𝑢𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 
𝐴𝑗 = transmission 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 factor 𝑝𝑒𝑟 𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑗  

 𝑗 = 1,2,3, 4 

 

The transmission adjustment factor was set by a calibration process (more details are 

provided on this in Section 5.4). 

5.3.3 Disease incidence 

As previously described the spread of the disease had three waves. To simulate these 

waves in the ODE model used a single reduction in contacts multiplier (Chapter 4 

section 4.3.2). In the DES model, however, two parameters (termed multipliers) were 

included instead. These were used to alter the number of contacts during the general 

closure of activities and school holidays and were denoted GCM and SHM 

respectively. 

As the pandemic began during school term times, it was assumed that the initial 

number of contacts per age group 𝑇𝐶𝑖 corresponds to this period. The use of the 

multipliers assumes that the total sum of contacts during the Governmental actions and 

the holiday period multipliers were lower than those that occurred during term time. 

The GCM was applied to the contact matrix between the beginning of the governmental 

closure and its conclusion (24th April- 5th May 2009). Similarly, the SHM was applied at 

the end of and the beginning of the school term (15thJune-10th August): At any other 

time point the number of contacts per age group remained at 𝑇𝐶𝑖. Figure 5.3 shows, for 

illustrative purposes only, the use of these multipliers, whilst Table 5.3 shows how the 

multipliers modify the contacts between age groups.  
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Figure 5.3 The inclusion of multipliers to simulate waves of infections 

 

 
                         Generalised              School holidays   

    Closure              SHM applied 
 GCM applied 

 

Table 5.3 Contact matrices and factors GCM and SHM 

Age 0-15 16-29 30-59 60 & plus 

0-15 𝐶11*𝑀 𝐶12*𝑀 𝐶13*𝑀 𝐶14*𝑀 

16-29 𝐶21 ∗ 𝑀 𝐶22*𝑀 𝐶23*𝑀 𝐶24*𝑀 

30-59 𝐶31*𝑀 𝐶33 ∗ 𝑀 𝐶33*𝑀 𝐶34*𝑀 

60 & Plus 𝐶41*𝑀 𝐶42 ∗ 𝑀 𝐶43 ∗ 𝑀 𝐶44*𝑀 

 

Where:  

𝑀 = {

𝐺𝐶𝑀 𝑖𝑓 𝑡 > 𝑡𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒𝑎𝑛𝑑 𝑡 <  𝑡𝑒𝑛𝑑 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒  

𝑆𝐻𝑀 𝑖𝑓 𝑡 > 𝑡𝑒𝑛𝑑 𝑜𝑓 𝑠𝑐ℎ𝑜𝑜 𝑡𝑒𝑟𝑚 𝑎𝑛𝑑 𝑡𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑠𝑐ℎ𝑜𝑜𝑙 𝑡𝑒𝑟𝑚                               

1  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                                                        

 

 

 

5.3.4 Under-reporting and pre-existing immunity 

 

Under-reporting was due to be considered in the DES model. The initial model and 

adjustment were made assuming a 100% reporting rate. Given that the development 

and calibration results found that the DES was not an appropriate approach, further 

analysis exploring different reporting was not pursued.   

Pre-existing immunity was considered as in the ODE model. Both models used the 

same information on this regard obtained from Miller et al., (2010)  
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5.3.5 Vaccination 

As with the ODE model, the DES model was constructed assuming that vaccination 

had protective effect only for susceptible individuals, and did not affect the disease 

progress of those exposed or infectious.  

To account for the vaccination strategy, the simulation determines if the susceptible 

that meets an infectious individual had been vaccinated by comparing a draw from a 

Uniform [0,1] distribution with the ratio of the number of vaccinated susceptible 

individuals divided by the number of susceptible individuals in the corresponding age 

band.  

If the susceptible person was vaccinated, then the individual faced a reduced 

probability of infection based on the protection conferred by the vaccine, with the risk of 

infection multiplied by (1- Vaccine Efficacy). Thus, if the effectiveness of the vaccine 

was assumed to be perfect, transmission could not take place. However, given that the 

model was only calibrated up to the moment the decision was made, these elements 

had no influence in the model. Box 5.1 shows a summary of the DES model. 
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Box 5.1 A summary of the infectious process in the DES model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 1: Model determines the number of contacts that an infectious individual would 
have in a day. The following steps are undertaken for each contact. 
 

Step 2: Using 
𝑆𝑗

𝑛𝑗
⁄  and a random number the model determines if the contact was 

with a susceptible individual. If the individual was susceptible the model moves to 
step 3, otherwise it is assumed that there is no transmission 

      𝑖𝑓 𝑅𝑛 <
𝑆𝑗

𝑛𝑗
⁄  ∴   𝐴𝑛 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑝𝑒𝑟𝑠𝑜𝑛 𝑚𝑒𝑒𝑡𝑠 𝑎 𝑠𝑢𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑝𝑒𝑟𝑠𝑜𝑛 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 

 
Step 3:  The model determines if transmission would occur using Step 4 or 5 
dependent on vaccination status.  
 
 
If unvaccinated 
 

Step 4: A random number determines if the susceptible individual becomes 
infected:  
 
 

      𝑖𝑓 𝑅𝑛 < 𝑃𝑟𝑇𝑗  ∶  𝑎𝑛 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑜𝑐𝑐𝑢𝑟𝑠 

 
𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 1 
𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 1 

 
 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∶   𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑟𝑒𝑚𝑎𝑖𝑛𝑠 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 

If vaccinated:  
 
Step 5: A random number determines if the vaccinated susceptible 
individual becomes infected:  
 

      𝑖𝑓 𝑅𝑛 < 𝑃𝑟𝑇𝑗. (1 − 𝑉𝐸)  ∶  𝑎𝑛 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑜𝑐𝑐𝑢𝑟𝑠  

 
𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 1 

𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 1 
 

      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∶   𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑟𝑒𝑚𝑎𝑖𝑛𝑠 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 
 
 

Where: 
𝑆𝑗  = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 

𝑛𝑗  = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 𝑗 

𝑃𝑟𝑇 = 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑖𝑜𝑛 𝑔𝑖𝑣𝑒𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑎 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 
𝑉𝐸 = 𝐴𝑠𝑠𝑢𝑚𝑒𝑑 𝑣𝑎𝑐𝑐𝑖𝑛𝑒 𝑒𝑓𝑓𝑖𝑐𝑎𝑐𝑦  
𝑅𝑛 = 𝑅𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑓𝑟𝑜𝑚 𝑎 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 [0,1] 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

 
When the above process concludes, the code stores the changes in suceptibles and exposed to 
populate the corresponding spread sheets at the end of the simulation day.  
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5.3.6 Software 

Specialised software packages to run discrete event simulations are commercially 

available. These types of software are usually based on a visual interactive modelling 

system (VIMS). Software based on VIMS approaches combine a visual representation 

to construct a simulation with a programming language to specify complex events. By 

allowing a visual representation of the simulation, it provides a clear idea of the logic 

behind the model. It additionally allows easy and flexible experimentation, modification 

of model components and debugging (Pidd, 2004).  

The selected VIMS software to construct the DES model was SIMUL8© (1993-2012 

SIMUL8 Corporation ver. 19).47 In SIMUL8© it is possible to set model components by 

placing icons and linking them with other structures or networks. Actions can be 

performed when an entity arrives or exits. Visual logic elements can also be included at 

the start of the model, at designated time periods or when completing a simulation 

(which is appropriate for calibration proposes). Partial results can be observed while 

the simulation is running or at the end of the process.  

SIMUL8© has five main components: work entry points; storage bins; work centres; 

resources, and work exit points. Table 5.4 shows how these elements were used in the 

context of the infectious disease model described above. Figure 5.4 show a screen 

shot of the model.   

  

                                                
47 Several software packages in the market to perform DES simulations: Arena® (Arena Solutions Inc. 
2013©, SIMUL8© 1993-2012 SIMUL8 Corporation ver. 19, Micro Saint (Copyright ©2011 Alion Science and 
Technology), AnyLogic (Copyright Anylogic corporation ©2013), etc. all with similar characteristics and 
programming languages. This type of software offer advantages and disadvantages. Compared with other 
software SIMUL8 offers a full student version for PhD students with no limitations in terms of the size and 
complexity of the model. It was also widely used within the Health Economics and Decision Science Unit 
(HEDS), where my PhD supervisors were based, which also offered an advance simulation course based 
on this platform. Those elements resulted in Simul8 being the chosen package. 
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Table 5.4 SIMUL8© elements and how are being used in the infectious disease 

model described above 

Element Definition Final model structure 

Work entry 
point 

The entities or main objects 
of the simulation enter the 
simulation 

Five entry points were used. At the beginning of 
the model, one entry point is used to distribute 
the initial infected population according to their 
age group. From day two onwards, the remaining 
four were used to introduce new infectious into 
the model based on their age group 

Storage bins Where entities wait before 
being processed  

Only “dummy” storage bins were used for 
debugging of the model. No holding in queues 
was considered in this structure 

Work centres Where the processing of 
activities or work are 
modelled 

Four work centres were used to process the daily 
contacts of the infectious individuals 

Resources Not used within the 
simulation. These represent 
tools, elements or people 
that can be used to process 
an activity or work process  

Not applicable 

Work exit 
points 

Where entities leave the 
model 

One exit point was used only.  

 

Figure 5.4 Screen shot of the DES model in SIMUL8© 
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5.4 Calibration 

As with the ODE model, the constructed model was adjusted to the available lab-

confirmed reported data. The adjustment was attempted up to the moment the decision 

to purchase the vaccine was announced. The same challenges described in Chapter 4 

Section 4.4 on the RR being uncertain remain. Although it was intended to adjust the 

model for several RR scenarios, it became apparent during this thesis that a DES 

approach was not applicable. Therefore only one run assuming an RR of 1 was 

attempted. A brief summary of the process that was categorised following  (Vanni et al., 

2011) is mentioned here. 

1. Selection of the parameters to be varied in the calibration process: 

A total of 11 parameters were calibrated: Probability of transmission given 

contact (𝑷𝒓𝑻); general closure and school holidays multipliers (𝑮𝑪𝑴 & 𝑺𝑯𝑴); sum 

of total contacts per age group (𝑻𝑪𝒊) and four transmission adjustment factors (𝑨𝒋) 

2. Selection of the calibration targets:  

Data on lab-confirmed cases compiled by the MMH for each of the intended age 

groups (0-15, 16-29, 30-59 and 60 & over) 

3. Definition of the measure of goodness of fit (GOF) to be used: 

Maximum likelihood of the model parameters to the lab-confirmed data. As the lab-

confirmed data is a positive integer, the log-likelihood of the Poisson function was 

used.  

4. Definition of the parameter searches strategy 

An MCMC method using the Metropolis-Hastings (MH) algorithm. Based on the 

description of the process in Whyte et al. (2011) 

5. Definition of what determines an acceptable GOF parameter set or convergence 

criteria  

Trace and density plots plus and a visual comparison between the spread of the 

lab-confirmed estimated outputs versus the observed lab-confirmed were used to 

assess the calibration.  

6. Determination of the termination rule of the calibration: 

The calibration process was evaluated after 20,000 iterations to determine if 

convergence was achieved (as determined by the tests described in 5).  

7. Integration of the model calibration results and economic parameters.  
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If the model converged, a set of Independent draws obtained by thinning of the 

chain was intended to be used to run the model with and without the vaccine. 

 

5.4.1 Calibration process  

The calibration process comprises used data from 19th April 2009 to the 18th July 2009 

as target values. The start point was marginally later than in the ODE model to reduce 

the probability of stochasticity that can lead to the pandemic dying out. 

Due to the complexity of the model, the number of variables to be calibrated and the 

number of infections a single run of the DES model took typically between 30 to 45 

seconds. To aid the calibration process the starting values and prior distributions were 

based on findings from the literature search and from optimising a previously 

developed ODE.48 Iterations were aborted if the daily number of confirmed cases 

reached 10,000 or if the total number of confirmed cases through a run reached 

150,000, as these values were far in excess of those reported in Mexico, and if not 

aborted would result in substantial computational burdens for no gain.  

The first 5,000 iterations were run using a relatively big jump sizes in the calibrated 

parameter, which were reduced progressively until small jumps were used at the end of 

the run. This was undertaken to explore potentially largely different parameter 

configurations relatively quickly as recommended by Whyte et al. (2011).  

The number of parameters varying at the same time was also limited. This reduced the 

dimension of parameter search at each iteration and was aimed at increasing the rate 

of acceptance parameters. A random process determined the parameters being 

changed. At the start of the calibration process, each parameter in the current set had 

an 80% chance of being changed in the candidate set. This value was gradually 

reduced as the calibration progressed based on the accepted/rejected ratio. If the 

calibration process was not accepting at least 1% of the iterations, the percentage was 

reduced. The lowest value used was 20% towards the end of the calibration process. 

Within the DES method, it was necessary to define a random number stream at the 

beginning of the model. The stream selected was based on previous work (contained in 

the initial thesis submission) which tested the applicability of multiple random number 

                                                

48 This ODE model was a previous version of the one described in Chapter 4. This model was 

deterministic model subject to an optimisation process using the Nelder-Mead method in Berkeley 
Madonna. This model was later replaced with the version described in Chapter 4 due to concerns with the 
robustness of the optimiser within Berkeley Madonna. The methods and results from the Berkeley 

Madonna model are not shown or discussed in this thesis.  
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streams, with stream 11 within the Simul8© software shown to produce a good fit. If a 

DES approach were deemed to be appropriate, the model would need to be run using 

several other random number streams to come up with a distribution of optimal 

parameter sets. This was not done as it became apparent that the DES approach was 

not as good as the ODE approach (developed in Chapter 4) adding significantly to the 

computational time for no gain. 

5.4.2 Parameterisation of variables included and not included in the MCMC 

routine 

The parameters included in the MCMC were (described in section 5.3): 

• Probability of transmission given contact (𝑷𝒓𝑻);  

• general closure and school holidays multipliers (𝑮𝑪𝑴 & 𝑺𝑯𝑴);  

• Four sums of total contacts per age group (𝑻𝑪𝒊) (one for each age group) 

• Four transmission adjustment factors (𝑨𝒋) (one for each age group) 

The parameters not included in the MCMC were:  

Prior-immunity and recovered population at the start of the model: prior-immunity 

assumed as the same as the described for the ODE model (Chapter 4). Recovered at 

the beginning of the model correspond to those with pre-existing immunity. 

Infected and exposed population at the start of the model: These values were based on 

the actual number of lab-confirmed cases in the period before the beginning of the 

modelling process. 

Suceptible population at the start of the model: total population in Mexico during 2009 

(107,507,330) minus pre-existing immunity, initially exposed and infectious.  

RR: fixed and set as 1 for all age groups. 

Latent and infectious period: 1 and 2 respectively49,50 

Vaccine effectiveness: not included as the model was calibrated only up to the point 

where the decision was made. 

Table 5.5 provides a summary of the different parameters used in the model, their 

assumed values and acronyms. 

 

                                                
49 Note that the infectious period is 2 instead of the 1.8 assumed for the ODE model. This is 
because the coding of the DES model was simpler when this value was an integer. 
50 Refer to Chapter 4 Section 4.4.2 for more details on the source of these variables. 
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Table 5.5 Parameters used in the DES model 

Parameter Acronym Value Source/Comment 

Pre-infectious or latent 
period 

- 1 day Eames et al. 2012 

Infectious period - 2 days 
Eames et al. 2012 but set to 
2 instead of 1.8 

Probability of 
transmission given 
contact 

𝑃𝑟𝑇 Calibrated - 

General closure 
multiplier 

𝐺𝐶𝑀 
Calibrated  - 

School holidays 
multiplier 

𝑆𝐻𝑀 

Sum of total contacts 

     0-15 𝑇𝐶1 

Calibrated 
Initial value based on 
POLYMOD (Mossong et al., 
2008) 

     16-29 𝑇𝐶2 

     30-59 𝑇𝐶3 

     60 and over 𝑇𝐶4 

Reporting rates 

All age groups RR 1 Fixed 

Pre-existing immunity* 

     0-15 𝑝1 2.79% Miller et al., (2010) 

     16-29 𝑝2 17.5% 

     30-59 𝑝3 12% 

     60 and over 𝑝4 23.32% 

Transmission adjustment factors 

     0-15 𝐴1 

Calibrated 

 

     16-29 𝐴2 

     30-59 𝐴3 

     60 and over 𝐴4 

Susceptible and recovered individuals at the start of the model 

     0-15 𝑆1, 𝑅1 - Susceptible: total population 
minus pre-existing immune 
individuals, initial infected 
and exposed 
Recovered: pre-existing 
immune individuals 

     16-29 𝑆2, 𝑅2 - 

     30-59 𝑆3, 𝑅3 - 

     60 and over 
𝑆4, 𝑅4 

- 

Initial infected and exposed individuals at the start of the model 

     0-15 𝐼1, 𝐸1 72 Derived from the actual 
number of lab-confirmed 
cases. 

     16-29 𝐼2, 𝐸2 42 

     30-59 𝐼3, 𝐸3 35 

     60 and over 𝐼4, 𝐸4 3 
* Based on Miller et al., (2010) who reported data for the 0-4; 5-14; 15-24; 25-49; 50-64; 65-74; 75-79 and 80 and over 
age groups. The data from 0-4 and 5-14 were used to estimate the 0-15 pre-existing immunity; the data of the 15-24 
age group was assumed for the 16-29 age group. The data of the 25-49 and 50-64 age groups was used for the 30-60 
while the 65-74; 75-79 and 80 for the 65 and over age group 
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5.4.3 Convergence assessment outcome and use of the DES strategy 

Despite running the chains for over 20,000 iterations the mixing of the chains was poor. 

This suggested that either it was necessary to run the chains for longer in an attempt to 

improve mixing and reach conversion or that the method was not flexible enough to 

allow full exploration of the parameter space. The trace plots in Figure 5.5 shows poor 

mixing.  If compared with the plots produced by the ODE model under the RR rate 

(0.01), the trace plots generated by the DES model show little movement. None of the 

density plots (not shown) show normality in the chains. 

Given the computational time needed to run one single random number stream to 

20,000 iterations (over 200 computer hrs or over eight days on an Intel Core i5-2400 

CPU @3.10 GHz) analysing multiple streams was not believed to be feasible. 

 

Figure 5.5 Trace plots of adjusted total sum of contacts 
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5.5 Summary  

This Chapter focused on describing the development and adjustment of the DES model 

that was constructed before the ODE model described in Chapter 4. The Chapter 

shows that the construction of an infectious disease model to simulate the A(H1N1) is a 

lengthy process. This alone can prove to be excessive in the context of the need of 

timely and robust advice to inform the decision to purchase the vaccine.     

The construction of the model showed that the model struggled to simulate a large 

number of individuals going through the system as it either runs very slowly or crashes 

producing no outputs. This problem would be exacerbated if lower RRs were used.  

The calibration approach used the Metropolis-Hastings algorithm. The mixing of the 

chains after 20,000 iterations was shown to be poor.  

Although the aim of this thesis was not to make a direct comparison between the ODE 

and DES model, it was found that the ODE model offers a more practical approach. 

This work found no advantage in using DES over the ODE technique. Indeed the DES 

approach appeared to be considerably worse that the ODE method.  Furthermore, the 
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DES method took significant longer to run. As such, this thesis showed that the DES 

technique is not suitable to model a pandemic with a large population such as the 

observed in Mexico in 2009. Having reached this conclusion, all analysis presented 

were undertaken using the ODE model. 

 

 



 

 

 

Chapter 6. Cost effectiveness of the A(H1N1) vaccine 

 

6.1 Overview of the Chapter  

This Chapter focuses on the CE of the A(H1N1) vaccine in Mexico. It describes the 

assumptions, processes, and the parameter values used for the ODE model. The 

Chapter includes a description of the methods, assumptions and parameters used 

(costs, utility losses and vaccine effectiveness) (Section 6.2). Section 6.3 details the 

base case, primary, secondary and sensitivity analyses. Section 6.4 describes the 

results obtained. Lastly, a summary of the Chapter is presented (Section 6.5). 

 

6.2 Methods 

 

The focus of the analysis was to determine the potential CE of a general population-

based vaccine strategy at the moment when the Mexican Government chose to 

purchase it. As such, this was assessed using only the knowledge that was available to 

the Mexican Government at the time of the decision.  

As described in Chapter 1, Strategies targeting the at-risk population have been 

reported to be cost-effective (Baguelin et al., 2010). Such a scenario was not 

considered here as distinguishing between risk groups could have potentially 

generated more uncertainty and increase the difficulties of the calibration process, as 

no information about contacts was available for such groups. A sensitivity analysis 

exploring the impact of greater severity of consequences per infection was performed 

to explore the potential impact on the CE of the vaccine interventions.   

The analyses within the thesis focus on exploring the CE of alternative vaccination 

scenarios based on general population by age groups. The strategies tested against 

the no vaccination alternative were: Strategy 1: vaccination of the entire population 

based on the proportion of individuals in each age group (henceforth denoted the 

population strategy); and Strategy 2: vaccination of the general population with 

vaccination based on the proportion of lab-confirmed individuals at the moment the 

decision to purchase the vaccine was made (henceforth denoted the lab-confirmed 

strategy). 

The primary analysis assumed that the vaccine arrived as expected, however since it 

was thought that the timing of the vaccination could play a major role in the CE of the 

vaccination strategy an alternative scenario of the vaccine arriving late was also tested.  
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By assuming three different reporting rates for the 0-15 age group (0.001, 0.01 and 

0.75), the calibration of the ODE model (described in Chapter 4) provided three 

different sets of probabilistic projections of the potential spread of the pandemic beyond 

the point at which the decision to purchase was made. These three projections were 

used to estimate the CE of the two strategies described above.  

The CE analyses performed, assume the perspective of the MMH. The population 

under analysis was the entire Mexican population (as of 2009) which was divided into 

four age groups: 0-15; 16-29; 30-59; and 60 years and over. The time horizon was 600 

days.  

The outcome was measured in quality-adjusted life years (QALYs) losses for each 

strategy. These were estimated from the utility losses related to having or dying from 

the disease, as well as those incurred from experiencing an adverse event associated 

with the vaccine itself.  

The costs considered included those incurred in the purchase and provision of the 

vaccine, costs of medical treatment (outpatient and inpatient care), costs of adverse 

events from the vaccination and those related to productivity losses due to sickness.  

Incremental costs and QALYs in comparison to a no vaccination strategy were used to 

calculate the incremental CE ratio (ICER) of the vaccine intervention. The ICER was 

then compared against pre-defined thresholds. Since no official threshold value exists 

for Mexico, suitable cost per QALY threshold values have been defined by the WHO 

have been used. These suggest that a medium income country in North, Central and 

South America should have a threshold value between one and three times the Gross 

Domestic product (GDP) per capita (WHO, 2010a). If the cost per QALY falls below 

one GDP per capita, the intervention is considered to be very cost-effective; if it falls 

between one and three times the intervention is considered CE; whilst if it is above 

three times the GDP per capita, then the intervention would not be considered CE. 

Given the GDP per capita in Mexico during 2009, this would represent a value lower 

threshold value of $110,000 and an upper threshold value of $330,000 MXP. These 

thresholds are only guidelines. The MMH has stated that even though the intervention 

might fall into a suitable CE range, it is necessary to consider other elements, such as 

the potential to ensure fairness and equality in the distribution of the health benefits or 

the impact on the health care services and available resources (González-pier et al., 

2007).  

CE planes, CE acceptability curves (CEAC) and CE acceptability frontiers (CEAF) were 

provided to aid interpretation of the results.  
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6.2.1 Influenza-like infections (ILI) 

A large number of individuals were asymptomatic or had mild symptoms, and therefore 

they did not seek medical attention (Eames et al., 2012; Chowell et al., 2011; Elizondo-

Montemayor et al., 2011). Those who sought medical attention were initially classified 

as influenza-like infections (ILI).51 The CE analyses performed here are based on the 

total number of cases of A(H1N1) and those with ILI who sought medical attention.   

Statistics from the Pan-American Health Organisation (PHO) and the MMH from July 

2009 indicated that 102,773 people with ILI had sought medical attention from which 

20,502 had a A(H1N1) laboratory confirmed result. These data were used to estimate 

that for every 5.01 (102,773/20,502) ILI patients who sought medical attention one had 

a positive confirmatory test.52  Since the model predictions provided an estimate of the 

lab-confirmed cases, the proportion of ILI cases who sought medical attention could be 

estimated for the middle and low reporting rate scenarios (0.01 and 0.001). For the 

high reporting rate scenario (0.75) it was assumed that all people with ILI who sought 

medical attention had a confirmatory test.53  

 

6.2.2 Medical treatment 

The first contact for individuals seeking medical attention was assumed to be a medical 

consultation with a general practitioner (GP). The GP would then decide if the patient 

required only palliative treatment (painkillers and rest), antiviral treatment (outpatient 

care) or hospitalisation (inpatient care). A proportion of patients requiring inpatient care 

were assumed to require intensive care unit (ICU) treatment. Deaths due to A(H1N1) 

were assumed only for those patients who sought medical attention.54  

Outpatient care 

                                                
51 The symptoms to classify a patient as ILI were describe in Chapter 2 Section 2.2 
52 As described in Chapter 2, only a proportion of these ILI cases had a confirmatory test. The only data 

available to use in the model correspond to those ILI cases that had a positive lab-test (lab-confirmed 
cases). The underlying assumption here was that the confirmatory tests were maintained during the 
pandemic and therefore it was possible to assume that the actual spread of the disease followed the same 
pattern as the one observed in the lab-confirmed dataset. Chowell et al. (2011) suggested that the number 
of confirmatory tests remained constant during the pandemic. 
53 Assuming a 5.01 ratio between ILI and laboratory confirmed test would have meant that more ILI sought 

medical attention than the actual cases predicted by the model. A sensitivity analysis assuming this ratio 
showed that the CE results (described below) were not affected by this assumption. 
54 This assumes that no deaths occur in those with mild symptoms or who were asymptomatic. 

Furthermore, deaths for other causes different from an ILI case or vaccine adverse event were not 
considered 
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If palliative or antiviral treatment was given, a second consultation was provided. 

Palliative treatment was assumed not to generate any use of extra resources (apart 

from this consultation) as it required only painkillers and rest. For those requiring 

antivirals, a 5-day treatment course was offered (2 tablets per day of Oseltamivir at 

75mg if older than three years of age or 45mg twice a day if younger). Estimations 

based on Echevarría-Zuno et al., (2009a) suggest that 75% of patients showing signs 

of ILI received antiviral treatment. It was assumed that none of these patients would 

later require hospital care. 

Prophylaxis for family members of those patients requiring antiviral treatment was also 

included. A 10-day course of oseltamivir (at half the dose per day compared to the 

infected member) was offered to family members with a high risk of developing a 

complication (individuals with obesity, diabetes, asthma and pregnant women). 

Prophylaxis treatment with antivirals was only recommended for individuals over 36 

months of age (CDC, 2009; WHO, 2010c; Mexican Ministry of Health, 2009b). The 

average family size of the Mexican population (4.8 members per family) and the total 

population at high risk of contracting or developing complications from an A(H1H1) 

infection (18.5%)55 were used to estimate this proportion.56  

Inpatient care 

Only one GP consultation was assumed for these patients on the basis that the patient 

was immediately admitted to hospital. Depending on the progression of the hospitalised 

patient and the availability of ICU beds, critically ill patients might be admitted to ICU 

treatment. 

The proportion of ILI patients requiring hospitalisation was obtained from Echevarría-

Zuno et al., (2009a). This value comes from influenza surveillance data compiled by 

the Mexican Institute for Social Security (IMSS from its name in Spanish).57 The data 

were collected from the 1st of April until the 31st of July 2009 (near the day the decision 

to purchase was made) and focussed on IMSS hospitals and health care units, which 

represents the biggest social health care providers in Mexico. 

                                                
55 This proportion was estimated by dividing the estimated population at risk (18,500,000) (estimations by 

the MMH Córdova-Villalobos et al., (2010) (includes medical personnel and in nurseries, pregnant women 
and those with an underlying condition such as diabetes, asthma, obesity, heart diseases among others) 
by the population above 36 months (99,859,336)  
56 The average family size minus the identified individual with the disease were multiplied by the 

proportion of identified individuals requiring antiviral treatment and the proportion of population at risk 
above 36 months. 
57 The IMSS is part of the Mexican health system that covers workers from the private sector and their 

families (accounting for approximately 40% of the population). The remaining population is covered by the 
public servants’ scheme, the Ministry of Health and the private sector. 
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The information on the paper was presented in nine age groups (<1, 1-9, 10-19, 20-29, 

30-39, 40-49, 50-59, 60-69 and 70 years and over). However, since the authors 

provided information on the total number of ILI, ILI admitted to hospital and ILI mortality 

rate it was possible to combine some of the age groups to fit the proposed age groups. 

This was done as follows: <1, 1-9: assumed for the 0-15 age group; 10-19 and 20-29 

were assumed for the 16-29 age group; 30-39, 40-49, 50-59 assumed for the 30-59 

age group and; 60-69, 70 and over assumed for the 60 years and over age group. This 

assumption underestimates the hospitalisation rate slightly for the 0-15 age group and 

over-estimates this slightly for the 16-29 age group. Table 6.1, shows these values. 

These parameters were included in the PSA analysis of the model (section 6.3.1.1). 

 Table 6.1 Number of ILI patients requiring hospitalisation 

Age 
Total number of ILI 
cases who sought 
medical attention 

ILI admitted to 
hospital care 

Required age 
groups 

Proportion of 
ILI requiring 
hospital care 

<1 1,636 184 
0-15 5.2% 

1-9 11,452 495 

10-19 10,071 306 
16-29 3.7% 

20-29 11,502 483 

30-39 8,204 373 

30-59 5.6% 40-49 5,550 326 

50-59 3,129 254 

60-69 1,319 182 
60 and over 20.2% 

70 and over 1,173 322 

 

The proportion of patients requiring ICU treatment in Mexico was obtained from 

Dominguez-Cherit et al., (2009). The study described the characteristics, treatment and 

outcomes of critically ill patients in several Mexican hospitals between March and June 

2009. The data suggested that 6.5% of hospitalised patients required ICU treatment. 

However, the study does not disaggregate by age group. Therefore this rate was 

assumed for all ages. The parameter was included in the PSA analysis (Section 

6.3.1.1). 

Death 

Information about deaths among ILI patients was obtained from Echevarría-Zuno et al., 

(2009a)58 from data collected from the 1st of April until the 31st of July 2009. As with the 

data on ILI requiring hospitalisation, the information in the paper was presented in nine 

age groups. The same calculations made for that parameter were made here (see 

                                                

58 Death was only assumed possible in those ILI patients who sought medical attention 
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above). The mortality rates for people with ILI who sought medical attention are shown 

in Table 6.2. 

Table 6.2 The mortality rates for patients with ILI seeking medical attention 

Age 
Total number of ILI 
cases who sought 
medical attention 

ILI who died 
Required age 

groups 
Proportion of ILI 

who died 

<1 1,636 184 
0-15 0.06% 

1-9 11,452 495 

10-19 10,071 306 
16-29 0.07% 

20-29 11,502 483 

30-39 8,204 373 

30-59 0.20% 40-49 5,550 326 

50-59 3,129 254 

60-69 1,319 182 
60 and over 0.28% 

70 and over 1,173 322 

 
 

6.2.3 Vaccination  

The expectations that the MMH had on the effectiveness of the vaccine at the time 

when the decision was made was used. The MMH estimate of the most likely 

effectiveness value was 50% effectiveness (Chapter 2) (Córdova-Villalobos et al., 

2010). Within sensitivity analyses, 30% and 70% effectiveness values were tested.  

Two different types of adverse events were considered: low/mild and severe. The 

low/mild category included local reactions (pain, tenderness or redness at the site of 

the injection) or systemic adverse events (fever, headaches, malaise and myalgia). 

Due to the transient nature of these episodes, no use of resources was assumed. 

Since the incidence of these adverse events was unknown when the decision to 

purchase was made, it was assumed that the rates for the rH5N1 vaccine prototypes 

reported in Leroux-Roels et al., (2007) were generalisable. The Sanofi-Pasteur vaccine 

was a 15g dose with no co-adjuvant, as such the incidence of the 15g rH5N1 

vaccine with no co-adjuvant was assumed. The GSK vaccine was a 3.75g dose with 

co-adjuvant, and therefore the incidence of the 3.8g rH5N1 vaccine with co-adjuvant 

was assumed.  

If the patient had a severe adverse, however, it was assumed that hospitalisation (and 

potentially admission to ICU) was required. As described in Chapter 2, the MMH was 

mostly concern about GBS. When the decision to purchase the vaccine was made, the 

MMH expected 10 cases of GBS for every 1,000,000 vaccinated individuals. An overall 

rate of 0.001% was assumed alongside differential rates by age group based on data 
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reported by De Wals et al., (2012). Most cases of GBS linked to the A(H1N1) vaccine 

pertain to the 60 and over age group (56%) followed by the 30 to 59 years (36%) and 

4% in the 0 to 29 years. Although these proportions are from a study post-decision 

time, the MMH expectations were that most of the cases would occur in the 25 and 

over age group which is in line with the distributions used for the analysis. 

Whilst only 4 to 8% of patients with GBS would die (Carroll et al., 2003; CENETEC, 

2016), a significant number can develop a long-term or permanent disability (mean 

55%: range 25-85%) (CENETEC, 2016) and incur in long inpatient care (on average of 

55.6 days, ranging from 21-94 days) (Carroll et al., 2003). Regarding the resources 

necessary for its treatment, according to the MMH guidelines (CENETEC, 2016), the 

recommended treatment therapy is via immunoglobulin therapy combined with anti-

inflammatory medications to ease the pain.59  

Table 6.3 summarises the proportions and length of stay for adverse events related to 

the vaccination. 

Table 6.3 Adverse events due to the 2009 A(H1N1) vaccine 

Parameter Proportion/Mean 
(Min-Max) 

Description 

Sanofi-Pasteur 

No adverse events 57.999% Assumed as 1-(A)-(B) 

Low to mild adverse 
events* (A) 

42% 
(28.2%-56.8%) 

Leroux-Roels et al. (2007) 

Serious adverse events 
(B) 

0.001% 
MMH estimates based on 
Schonberger et al., (1979) 

GSK 

No adverse events 9.999% Assumed as 1-(C)-(D) 

Low to mild adverse 
events* (C) 

90% 
(78.6-96.7%) 

Leroux-Roels et al. (2007) 

Serious adverse events 
(D) 

0.001% 
MMH estimates based on 
Schonberger et al., (1979) 

Serious adverse events requiring hospitalisation 
(including ICU)** 

96% De Wals et al. (2012) 

Serious adverse events requiring ICU 11% Carroll et al. (2003) 

Average days in hospital due to severe adverse 
events (ICU or Hospitalisation) 

55.6 
(21-94) 

Carroll et al. (2003) 

Death from Serious adverse events 
6% 

(4-8%) 
Carroll et al. (2003) 

Recovered patients with long term disability 
55% 

(25-85%) 
Assumed from CENETEC 
(2016)  

*Correspond to pain, whose incidence was the highest reported 
**Correspond to data after the decision was made, however, it was thought that this proportion would not 
have been different at the time of the decision.  
  

                                                

59 Although the CENETEC (2016) guidelines are recent, this new version main updates are on prevention, 

diagnostic, treatment (the main treatment remains the same: immunoglobulin therapy combined with anti-
inflammatory medications), referrals and follow-up   
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Several doses were lost in the process of application, transportation and storage; 

therefore, wastage was considered in the analysis. The MMH reported at the end of the 

campaign that a total of 28.5 million vaccines were applied. However, the MMH at 

decision time estimated a wastage of 12% based on previous influenza campaigns 

(Córdova-Villalobos et al., 2010). The base case scenario assumes this 12% wastage 

while a sensitivity analysis considers a 5% wastage (equivalent to 28.5 million vaccines 

being applied) (Cordova-Villalobos et al., 2017). 

The actual vaccination campaign duration was 145 days (from 27th November 2009 to 

21st of April 2010). However, the MMH made an assumption that it could take 90 days 

to apply 30 million vaccines based on previous influenza vaccination campaigns 

(Córdova-Villalobos et al., 2010).   

6.2.4 Productivity losses 

Productivity losses were considered as days absent from work for those individuals 

who required inpatient or outpatient care, or for those vaccinated that suffered a severe 

adverse event. The productivity losses were estimated using a weighted average of the 

daily income in 2009 in Mexico (126.20 MXN) (INEGI, 2009), the ratio between working 

and leisure days a month (0.714)60, the proportion of labour force in the relevant age 

group (BIE, 2012) and the average days of treatment. Productivity losses were only 

accounted for the population over 14 years old. Table 6.4 shows the average wage 

loss per episode per age groups. Appendix V contains more details on how these 

calculations were performed. 

  

                                                
60 Calculation based on an average of 30.14 days, 4.35 weeks in a month and a working week of five 

days. 
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Table 6.4 Average wage loss per episode of A (H1N1) 

Age group Average wage loss per episode   Comment 

Lost wages for those who receive outpatient care 

14-29 
$198.84 

An average of 5 days’ 
treatment 

30-59 
$306.34 

60 and over 
$171.71 

Lost wage for those hospitalised   

14-29 
$210.77 

An average of 5.30 days’ 
treatment 

30-59 
$324.72 

60 and over 
$182.01 

Lost wage for those who required ICU care 

14-29 
$470.46 

An average of 11.83 days’ 
treatment 

30-59 
$724.82 

60 and over 
$406.27 

6.2.5 QALY losses 

QALY losses were estimated for individuals with the disease (including those who did 

not report the infection or were unidentified) and those who experienced an adverse 

event due to vaccination.  

Although several papers have estimated the QALY losses related to the 2009 A(H1N1) 

pandemic (van Hoek et al., 2011; Lavelle et al., 2011) they were published after the 

decision to purchase the vaccine was made. As such, the information regarding QALY 

losses was taken from Siddiqui and Edmunds, (2008) which QALY loss estimates are 

based on O’Brien et al. (2003) and Melegaro and Edmunds, (2004), both papers were 

available at the time the decision to purchase was made.  

The QALY lost for a symptomatic episode of A(H1N1) seeking for medical attention 

was assumed to be 0.0086 independent of age group. The QALY loss for those who 

did not seek medical attention or were unidentified, either because the disease was 

asymptomatic or mild, was assumed as 0.0046. Patients requiring inpatient care were 

assumed to have a QALY loss of 0.0106. It was assumed that patients requiring ICU 

treatment would have a QALY loss two times higher than those requiring inpatient care 

(0.0212).61 

                                                
61 The QALY loss estimates for symptomatic cases were assumed as the sum of an 
uncomplicated ILI and outpatient pneumococcal pneumonia: 0.0046+0.004. QALY loss for 
inpatient care were assumed as the sum of an uncomplicated ILI and an inpatient 
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The QALYs lost due to a fatal episode was estimated using the 2009 life expectancy of 

the Mexican population (74.5) (CONAPO, 2012) and the average utility values for the 

UK population by age estimated by Kind et al. (1999) as these data was not available 

for Mexico. These were discounted at a 5% rate which is used for Mexico (Consejo de 

Salubridad General and INSP, 2008). The average QALYs lost considered per fatality 

were: 16.5 for the 0-15 age group; 16.01 for the 16-29 age group; 13.30 for the 30-59 

age group and 5.97 for the 60 and over.  

Individuals who suffered from a low/mild adverse event were assumed to incur only a 

slight reduction in QALYs (0.00023)62. The QALYs lost for patients experiencing a 

serious adverse event (assumed as GBS) was assumed as four times the QALY loss 

for those patients requiring inpatient care (0.0424) per episode with complete recovery. 

For patients who recover but with a permanent disability, a utility reduction of 0.0424 

per year was assumed. As the QALY loss estimated due to fatality (described above) 

data from the UK (Kind et al. 1999) were used, and a 74.5 life expectancy was 

assumed (CONAPO, 2012). The average QALY losses per age group, discounted at a 

5% rate, for people with a permanent disability were: 0.86 for the 0-15 age group; 0.83 

for the 16-29 age group; 0.70 for the 30-59 age group and 0.32 for the 60 and over age 

group. A scenario where no adverse events were considered was also evaluated. 

Table 6.5 summarises the QALY losses assumed in the model. 

  

                                                
pneumococcal pneumonia: 0.0046+0.006  (Siddiqui and Edmunds, 2008; O’Brien et al., 2003; 
Melegaro and Edmunds, 2004) 
62 This was assumed to as 5% of the QALY loss of an uncomplicated ILI reported by (Siddiqui 
and Edmunds, 2008)  
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Table 6.5 Summary of the QALY losses assumed in the model 

Variable Value Source/comment 

Vaccine adverse events* 

Low/Mild 
0.00023 

(SE: 0.00003) 

5% of a QALY loss uncomplicated ILI cases 
(Siddiqui & Edmunds 2008). SE adjusted 

proportionally  

Severe     
0.042 

(SE 0.0024) 

Assumed as four times, the QALYs lost for 
patients requiring inpatient care. SE from 

uncomplicated ILI infection adjusted 
proportionally 

Permanent disability 

0-15 years    0.86 

Estimated from average Mexican life 
expectancy and Kind et al. (1999) 

16-29 years  0.83 

30-59 years  0.70 

60 and over years  0.32 

Influenza infection* 

Asymptomatic or mild (did not seek medical attention) 

All age groups 
0.0046 

(SE 0.0006) 

Assumed as an uncomplicated ILI case 
(Siddiqui and Edmunds, 2008; O’Brien et al., 

2003) 

Symptomatic (sought medical attention) 

All age groups 0.0086 Assumed as the sum of QALYs loss of an 
uncomplicated ILI case (Siddiqui and 

Edmunds, 2008; O’Brien et al., 2003)  and 
pneumococcal pneumonia for outpatient 

care (Melegaro and Edmunds, 2004) 

Uncomplicated ILI case 
0.0046 

(SE 0.0006) 

Outpatient pneumococcal 
pneumonia 

0.004 
(0.0034-0.0046) 

Patients requiring inpatient care 

All age groups 0.0106 Assumed as the sum of QALYs loss of an 
uncomplicated ILI case (Siddiqui and 

Edmunds, 2008; O’Brien et al., 2003)  and 
pneumococcal pneumonia for inpatient care 

(Melegaro and Edmunds, 2004) 

Uncomplicated ILI case 
0.0046 

(SE 0.0006) 

Inpatient pneumococcal 
pneumonia 

0.006 
(0.0051-0.0069) 

Patients requiring ICU treatment 

All age groups 
0.021 

(SE: 0.0012) 

Assumed as two times, the QALYs lost for 
patients requiring inpatient care. SE from 

uncomplicated case adjusted proportionally  

Death 

0-15 years    16.50 

Estimated from average Mexican life 
expectancy and Kind et al. (1999) 

16-29 years  16.01 

30-59 years  13.30 

60 and over years  5.97 
* Siddiqui and Edmunds, (2008) reported standard deviation 

 

6.2.6 Costs  

The costs considered were those for people with ILI that sought medical attention and 

those related to providing the vaccination and treating serious adverse events.  

Costs were obtained from the MMH internal registries (Mexican Ministry of Health, 

2009b), and the IMSS (Costos Unitarios por Nivel de Atención Médica para el año 
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2009 IMSS). No discounting was applied to the costs as they only were considered for 

the relatively short duration of the model (600 days).  

6.2.6.1 Outpatient care costs 

The outpatient care resources used were described in Section 6.2.2. Table 6.6, shows 

the average cost per person of outpatient care. Detailed estimations of these costs can 

be found in Appendix V.  

Table 6.6 Outpatient care costs 

Item Description Unit cost (MXN) 

Oseltamivir 

Cost per adult $297.83 

Cost per children $27.20 

Prophylaxis $171.61 

Medical consultation Two medical consultations $1,034.00 

Total cost per patient requiring outpatient care $1,530.65 

 

6.2.6.2 Inpatient care costs 

The resources used for inpatient care were described in Section 6.2.2. The total costs 

of hospitalisation costs were estimated based on the average length of stay reported by 

Chowell et al. (2012) (5.3 days). Although this estimate is for the whole pandemic, the 

authors have indicated that this average did not change over time. For those patients 

requiring ICU treatment, the time from hospitalisation until admission to ICU (1 day on 

average) and the duration of stay in ICU (10.83 days on average) was obtained from 

Dominguez-Cherit et al. (2009) using data between March and June 2009 (Table 6.7).  

General items, overheads, personal costs, equipment, are included in the cost provided 

by IMSS, but not the specific medication required for the treatment of A(H1N1). These 

were obtained from the MMH (Mexican Ministry of Health, 2009b) and were weighted 

averages of the medication and hospital costs for adults and children. Table 6.8 shows 

a summary of the cost per patient for each service.   
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Table 6.7 Variables used for inpatient care cost estimations 

Variables Mean Description/source 

Average length of stay for hospitalised 
patients 

5.3 Chowell et al. (2012) 

Average length of stay for patients 
requiring ICU 

11.8 
On average patients spend one day in the 

general ward before being transferred to ICU 
(Dominguez-Cherit et al. 2009) 

 

Table 6.8 Summary of the average inpatient costs associated with A(H1N1) 

Variables Cost (MXN) Description 

Hospitalisation 

First contact medical 
consultation 

$517.00 - 

Bed day general ward $25,275.00 
5.3 days on average ($4,769 per day, 
excluding medication) 

Medication $3,885.80 

5.3 days on average 
Medication to treat an A(H1N1) such as 
Oseltamivir, Metamizole, Salbutamol, 
Omeprazole, Ranitidine, Ceftriaxone, 
Amoxicillin, Clarithromycin, Ciprofloxacin, 
Meropenem, Imipenem, Ceftazidime, 
Vancomycin (Mexican Ministry of Health, 
2009b). 

Total hospitalisation cost (MXN)       $29,678.50 

ICU 

First contact medical 
consultation 

$517.00 - 

Bed day general ward $4,769 One day on average  

Medication in general 
ward  

$1,051.26 

Medication to treat A(H1N1) such as 
Oseltamivir, Metamizole, Salbutamol, 
Omeprazole, Ranitidine, Ceftriaxone, 
Amoxicillin, Clarithromycin, Ciprofloxacin, 
Meropenem, Imipenem, Ceftazidime, 
Vancomycin (Mexican Ministry of Health, 
2009b) 

ICU bed day $304,083 10.83 days on average 

Medication $29,792.19 

For the duration of ICU stay.  
Include medication specific to threat 
A(H1N1) plus others such as 
neuromuscular blocking drugs, 
Anaesthetics, Antibiotics, Antivirals, 
Neurotransmitters (Mexican Ministry of 
Health, 2009b). 

Total ICU cost (MXN)      $335,444.39 

Based on deterministic average  
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6.2.6.3 Vaccine 

The purchased vaccine was acquired from Sanofi-Pasteur and GSK. The cost per 

vaccine was $95.00 MXN on average, resulting in a total cost of $2,850 million MXN 

(without delivery, consumables, transport and cold chain). Delivery costs based on the 

conditions required to apply the vaccine were considered (CNV, 2009). The cold chain 

requirements (the temperature-controlled supply chain necessary to maintain vaccine 

vials in optimum conditions before its application) were also included. A cost per dose 

was estimated based on a weighted average of the cost and capacity (in litres) of the 

most representative units available in the cold chain elements. This information was 

retrieved from Biologics and Reagent Laboratories of Mexico (BIRMEX® from its name 

in Spanish). The costs of transportation in the process was taken from (Gutierrez and 

Bertozzi, 2005) and inflated to 2009 MXN using the National Price Index (INEGI, 2013). 

The cost of the vial, delivery, cold chain and transportation were added to produce a 

total cost per dose. Personnel costs were not considered in the base case scenario as 

they were assumed fixed since most of the patients would seek the vaccination in their 

medical centre with personnel that had permanent positions. However, a sensitivity 

analysis including the costs of hiring temporary personnel to apply the vaccines was 

analysed (Section 6.3.1.2). Table 6.9 describes the costs of the vaccine including 

transportation, storage and cold chain. 

Table 6.9 Cost of the vaccine  

Item Cost 
(MXN) 

Observations 

Vial 
$95.00 

Average cost of the two brands of vaccines 
purchased 

Consumables 
$1.61 

Includes syringes, torundas cotton, antiseptic 
soap, paper towels, paper sheets, disposal 

bags and containers 

Cost of 
transport & 
storage 

$0.38 Gutierrez & Bertozzi (2005) 

Cold Chain 
$0.09 

Estimation based on the number of doses 
and the size of the vial 

Total (MXN) 
$97.08 Cost of 30 million doses: $2,912 million  

Costs expressed in Mexican Pesos MXN 

 

The average number of days in hospital care due to GBS  from Carroll et al. (2003) 

(55.6 inpatient care on average) were used to estimate the costs of a serious adverse 
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event.63 The MMH guidelines recommend intravenous immunoglobulin therapy as a 

treatment for GBS syndrome (CENETEC, 2016). The costs of this therapy were not 

available from Mexican data. Therefore the costs (US dollars, 2011 prices) published 

by Winters et al. (2011) were used as a reference. They include a treatment of five 

infusions for patients with an average weight of 70 kg and the infusion supplies at a 

reported cost of $9,855.25 USD. The exchange rate during 2011 was used ($11.52 

MXN per 1 USD) along with the national price index (INEGI, 2013) to deflate the 2011 

prices to 2009 prices. Table 6.3 provides details of the parameters used to estimate the 

proportion of vaccinated individuals who might experience an adverse event, while 

Table 6.10 details the cost of a serious adverse event.  

Table 6.10 Adverse events treatment costs per patient 

Variables Cost (MXN) Description 

Hospitalisation 

First contact  $517 - 

Bed day general ward $265,156 
55.6 days on average at $4,769. 

89% of patients will only require 
hospitalisation in the general ward 

Immunoglobulin therapy $84,245 For the duration of treatment 

Total hospitalisation cost (MXN)                 $349,918 

ICU 

First contact $517  

Bed day in the ICU unit $1,561,081 

55.6 days on average at $28,077 
per day in ICU 

11% of patients will require ICU 
treatment 

Immunoglobulin therapy $84,245 For the duration of treatment 

Total ICU cost (MXN)             $1,645,843 

 

  

                                                
63 Serious adverse events were assumed as an episode of GBS. This assumption was made on the bases 
that the GBS requires more resources and potentially carries a bigger QALY loss than other serious 
adverse events. The risk of narcolepsy was considered significant in the GSK vaccine, as a causal 
association was found in Finland and England (Miller et al., 2013; Partinen et al., 2012). This adverse 
event, however, was not observed in an influenza vaccine before the 2009 pandemic. 

 .  
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6.3 Base case scenario, secondary and sensitivity analysis 

 

Two different vaccination alternatives were analysed: strategy 1: population strategy 

and 2: lab-confirmed strategy. Both strategies were analysed assuming three RR for 

the 0-15 age group: 0.001, 0.01 and 0.75 and were compared to no vaccination. The 

base case scenario assumed that the vaccine arrived as expected, a wastage of 12%, 

a vaccine effectiveness of 50%, a vaccination campaign lasting 90 days, and that the 

adverse events of the vaccination and productivity losses were incorporated. A 

secondary analysis evaluated these vaccination strategies assuming that the vaccine 

arrived 31 days later than anticipated. Table 6.11 summarises the base case scenario. 

PSA and one way and scenario sensitivity analysis were also performed. 

 

Table 6.11 Base case scenario 

Parameters No vaccination 
strategy 

Population strategy 
 

Lab-confirmed strategy 

Duration 600 days 600 days 600 days 

Vaccination strategy* 
No 

Yes 
 

Yes 
 

Wastage 
NA 

12% 
(26.4 million vaccines 

applied) 

12% 
(26.4 million vaccines 

applied) 

Vaccinated population 

NA 

Based on the proportion of 
individuals in each age 

group: 
0-15:  31%  

16-29:  25%  
30-59: 36%  

60 and over: 8% 

Based on the proportion of 
lab-confirmed cases at 

decision time  
0-15:   51%  
16-29: 28% 

30-59:  20% 
60 and over: 1% 

Vaccine effectiveness NA 50% 50% 

Vaccine arrival  NA As anticipated As anticipated 

Vaccination campaign 
duration 

NA 90 days 90 days 

Adverse events  NA Included Included 

Productivity losses NA Included Included 

For details on the parameter values, please see section 6.2 methods. 

 

6.3.1 Sensitivity analysis  

6.3.1.1 Probabilistic sensitivity analyses (PSA) 

The CE of the vaccine was determined via PSA. The 200 thinned draws from the 

calibration process detailed in Chapter 4 were used and provided 200 different outputs 

regarding number of infections. These figures were used to estimate the number of 

deaths, hospitalisations, ICU, adverse events and productivity losses. Input values for 
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parameters related to costs, QALYs and the proportion of hospitalisations, ICU stays, 

and adverse events were sampled from distributions to allow a probabilistic estimate of 

incremental costs and QALYs. This allowed the estimation of the ICER, CEAC, CEAF. 

Table 6.12 summarises the deterministic value and the distributions and their 

parameters used.  
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Table 6.12 Deterministic and probabilistic values for the PSA analysis 

Variable 

Deterministic 
value 
Proportion/Mean
/Mode 

Distribution Parameters Source 

Medical care 

Out- patients requiring antiviral 
treatment 

75% Beta 
466  

157 

Echevarría-Zuno et 
al., (2009) 

Proportion of patients 
requiring 
hospitalisations (only 
those ILI who seek 
medical attention) 

0-15 5.2% Beta 
679

12,409 

Echevarría-Zuno et 
al., (2009) 

16-29 3.7% Beta 
789

20,784 

30-59 5.6% Beta 
953

15,930 

60 and 
over 

20.2% Beta 
504

1,988 

Mortality rate (only 
those ILI who seek 
medical attention) 

0-15 0.06% Beta 
7

13,081 

Echevarría-Zuno et 
al., (2009) 

16-29 0.07% Beta 
15

21,558 

30-59 0.20% Beta 
33

: 16,850 

60 and 
over 

0.28% Beta 
7

2,485 

Average length of stay for 
hospitalised patients 

5.3 Normal SE: 0.13 Chowell et al. (2012) 

Hospitalised patients requiring 
ICU treatment 

6.5% Beta 
58 

841 

Dominguez-Cherit et 
al. (2009) 

Length of stay in ICU 10.83 Gamma 
 

 

Dominguez-Cherit et 
al. (2009). These 
patients had one day 
in the general ward 
first 

Vaccination and Adverse Events 

Vaccine effectiveness 50% - Fixed 
Córdova-Villalobos et 
al. (2010) 

Vaccine 
adverse 
events  

Sanofi 

No adverse 
events (A) 

57.999% - 1-(B)-(E) - 

Low to mild 
adverse 
events (B) 

42% Beta 
 

 

Leroux-Roels et al. 
(2007) 

GSK 

No adverse 
events (C) 

9.999% - 1-(D)-(E) - 

Low to mild 
adverse 
events (D) 

90% Beta 
 37 

 

Leroux-Roels et al. 
(2007) 

Serious adverse 
events (E) 

0.001% - Fixed 

Estimations made by 
the MMH based on 
(Schonberger et al., 
1979) 

Serious adverse events requiring 
hospitalisation (F) 

96% - Fixed De Wals et al. (2012) 

Serious adverse events requiring 
ICU (G) 

11% - Fixed Carroll et al. (2003) 

Average days in hospital due to 
severe adverse events (ICU or 
Hospitalisation) (H) 

55.6 Gamma 
1

 53 
Carroll e al. (2003) 

Death from Serious adverse 
events (I) 

6% Beta 
32

 508 
Carroll et al. (2003) 

Recovered from hospitalisation or 
ICU treatment (J) 

94% - 1-(I) CENETEC (2016) 

Recovered patients with long-
term disability (K) 

55% Beta 
5

4 
CENETEC (2016)  

Recovered patients gaining full 
health (L) 

45% - 1-(K) CENETEC (2016) 
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Table 6.12 Deterministic and probabilistic values for the PSA analysis (cont…) 

QALYs lost 

QALYs 
lost due 
to ILI  

Asymptomatic or mild (did 
not seek medical 
attention; all ages)  

0.0046 Beta 


 

See Table 6.5 for more 
details (Siddiqui and 
Edmunds, 2008; O’Brien 
et al., 2003) 

Symptomati
c (sought 
medical 
attention 

Uncomplicat
ed ILI case 

0.0086 

0.0046 Beta 


 

Uncomplicated ILI and 
outpatient pneumococcal 
pneumonia sampled 
independently and then 
added together. See Table 
6.5 for more details 
Triangular distribution 
assumed in Siddiqui & 
Edmunds (2008) 

Outpatient 
pneumococc
al 
pneumonia 

0.0040 
Triangul

ar 
a: 0.0034 
b: 0.0046 

Hospitalise
d  

Uncomplicat
ed ILI case 

0.0106 

0.0046 Beta 


  

Uncomplicated ILI and 
inpatient pneumococcal 
pneumonia sampled 
independently and then 
add together. See Table 
6.5 for more details 
Triangular distribution 
assumed in Siddiqui & 
Edmunds (2008) 

Inpatient 
pneumococc
al 
pneumonia 

0.0060 
Triangul

ar 
a: 0.0051 
b: 0.0069 

Patients requiring ICU 
treatment (all age groups) 

0.021 Beta 


 

See Table 6.5 for more 
details 

QALYs 
lost due 
to 
vaccine 
adverse 
events  

Low/Mild 0.00023 Beta 


 

Based on Siddiqui & 
Edmunds (2008) See 
Table 6.5 for more 
information.  

Severe (including 
hospitalisation or ICU) 

0.042 Beta 


 
See Table 6.5 for details 

Utility 
lost per 
year in 
disability 

0-15 0.86 

- Fixed 

Over the lifetime of the 
patient discounted at a 5% 
rate. 
See Section 6.2.5 for more 
details on estimation 

16-29 0.83 

30-59 0.70 

60 and over 0.32 

Utility 
lost per 
year in 
lost due 
to 
prematur
e death 

0-15 16.50 

- Fixed 

Over lifetime discounted at 
a 5% rate. 
See section 6.2.5 for more 
details on estimation 

16-29 16.01 

30-59 13.30 

60 and over 5.97 

Parameters with no defined distribution were assumed as fixed 

For the Beta distribution was defined as the number of cases for each event while  was estimated as 

the total number of individuals at risk minus .  

 

A limitation of these analyses was that the average daily wage and utility loss due to 

premature death were assumed as fixed. Neither is likely to affect the results heavily, 

particularly when discounting is considered.  
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6.3.1.2 One way and scenario analyses 

Apart from the secondary analysis exploring the impact on the CE of the vaccine 

arriving 31 days later than expected, sensitivity analyses were performed to evaluate 

the impact of several of the key parameters on the CE results. The scenarios were only 

tested in the strategies where an impact on the conclusion of the CE of the vaccine 

was deemed possible. These were decided once the CE results were produced and 

analysed and are listed in Table 6.13 

Table 6.13 The sensitivity analyses performed 

Base case scenario Sensitivity analysis scenario 

Adverse events as in Table 6.3 No adverse events 
 

Prior immunity based on previous H1N1 
epidemics (Chapter 4 Table 4.4) 
0-15 y:                      2.79% 
16-29 y:                   17.50% 
30-59 y                    12.00% 
60 and over y:          23.32% 

No prior immunity 
 
 

12% based on expectations by MMH 5% Vaccine wastage (based on actual 
occurrences) 

50% based on most likely effectiveness 
according to MMH expectations 

70% Vaccine effectiveness (based on the 
maximum vaccine effectiveness expected by the 
MMH) 

50% based on most likely effectiveness 
according to MMH expectations 

30% Vaccine effectiveness (based on the 
minimum vaccine effectiveness expected by the 
MMH) 

90 days, based on MMH previous experiences 
of applying the influenza vaccine 

145 days’ vaccination campaign duration (based 
on the actual duration) 

Productivity losses as described in Section 
7.2.4 

No productivity loss 

No additional medical personnel costs to apply 
the vaccines 

Assumed as 10,000 medical assistants hired at 
the average wage in Mexico $126.20 per day for 
90 days for a total of $113.58 million MXN 

A QALY loss of 0.0046 for asymptomatic or 
mild cases as described in Table 6.5 

0.0023 QALY loss for asymptomatic or mild 
cases (50% reduction vs. base case) 

A QALY loss of 0.0046 for asymptomatic or 
mild cases as described in Table 6.5 

No QALY loss for asymptomatic or mild cases 

5.01 to 1 ratio between ILI who seek medical 
attention and lab-confirmed cases 

10 to 1 ratio between ILI who seek medical 
attention and lab-confirmed cases 

1 to 1 ratio between ILI who seek medical 
attention and lab-confirmed cases for the 0.75 
RR scenario 

5.01 to 1 ratio between ILI who seek medical 
attention and lab-confirmed cases 

 

Optimistic and pessimistic scenarios were also tested. The optimistic scenario 

assumes a vaccine effectiveness of 70%; no adverse events included; a 5% wastage 

and a 90 days’ vaccine campaign duration. The pessimistic scenario assumes a 

vaccine effectiveness of 30%, assumes adverse reactions (as described in Table 6.3), 

12% vaccine wastage and 145 days’ vaccination campaign duration. 

An extreme scenario was tested for the 0.001 RR where it was assumed that the 

additional hospitalisations generated within the no vaccination strategy were 
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associated with the loss of life of a patient who could not be admitted to hospital. This 

was termed the opportunity cost scenario. 

To explore the potential impact of vaccinating high-risk individuals, a scenario 

assuming an increased risk of the consequences of an influenza infection (in the form 

of hospitalisations, ICU treatment and deaths) was assumed. Although this cannot 

replace the actual impact of a vaccine strategy targeting risk groups it can provide an 

insight of its possible implications.   

Additionally, two alternatives mean generation times were analysed: 1.3 days and 2.71 

days based on the CIs reported by Fraser et al., (2009). The ratio of the latent period to 

infectious period in the base case was assumed generalisable to the different 

generation times.  

 

6.4 Results 

The results correspond to three RR for the 0-15 age group (0.001, 0.01 and 0.75). The 

RR was set fixed for the 0-15 age group and used as a reference to adjust the RR for 

the 16-29, 30-59 and 60 and over age groups via the MCMC routine described in 

Chapter 4. For brevity, these will be termed RR of 0.001, 0.01 and 0.75 omitting the 0-

15 years of age band. 

The no vaccine strategy predicted on average 19.9 million infections with around 13.2 

million lab-confirmed cases when an RR of 0.75 for was assumed. When the RR was 

assumed to be 0.01, the model predicted 19.8 million cases but with only 175,000 lab-

confirmed cases. Lastly, the 0.001 RR scenario, predicted on average 22.4 million 

cases with only 19,000 lab-confirmed cases. 

The numbers of ILI who sought medical attention for the 0.01 and 0.001 RRs, were 

assumed to be 5.01 per 1 lab-confirmed case, based on data from the PHO (see 

section 6.1.2 for more details). In contrast to the 0.75 RR scenario, this was assumed 

as 1 ILI who sought medical attention per 1 lab-confirmed case.64 As shown in 

sensitivity analyses this assumption did not have an impact in the CE of the vaccine.  

19.9 million ILI sought medical attention using an RR of 0.75, compared with 878,000 

for the 0.01 RR scenario and 95,000 for the 0.001 scenarios.  

                                                
64 Assuming the same rate as for the 0.01 and 0.001 would mean that more patients with an ILI sought 
medical attention than the actual number of total cases predicted. 
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The estimated number of ILI seeking medical attention requiring hospitalisations, ICU 

and deaths are shown in Table 6.14. 

 
 

Table 6.14 Estimated number of ILI who sought medical attention, required 
hospitalisation, ICU and died assuming no vaccination 

Patient distribution 
Reporting scenario 

0.75 0.01 0.001 

ILI who sought medical 
attention 

19,912,953 878,147 95,413 

Hospitalisations 1,143,784 42,668 4,661 

ICU 74,046 2,762 302 

Deaths 21,771 769 83 

6.4.1 Base case scenario  

The vaccine was more beneficial when the lab-confirmed strategy was employed. 

Table 6.15 contains the number of predicted infections, ILI who sought medical 

attention, hospitalisations, ICU and deaths for the three RR assumed for both 

strategies population and lab-confirmed.  

Table 6.15 Estimated infections, ILI who sought medical attention, 
hospitalisations, ICU and deaths for the three RR assumed 

Reporting rate 
For the 0-15 age 
group 

Vaccine Strategy 

No-vaccine Population Lab-confirmed 

0.75 

Total infections* 19,912,953 3,081,313 1,531,096 

ILI 19,912,953 3,081,313 1,531,096 

Hospitalisations 1,143,784 176,143 88,838 

ICU 74,046 11,401 5,750 

Deaths 21,771 3,306 1,713 

0.01 

Total infections 19,856,040 13,736,851 12,698,004 

ILI 878,147 608,059 559,467 

Hospitalisations 42,668 29,574 27,194 

ICU 2,762 1,915 1,761 

Deaths 769 530 492 

0.001 

Total infections 22,433,898 21,770,565 21,754,701 

ILI 95,413 92,553 92,481 

Hospitalisations 4,661 4,522 4,518 

ICU 302 293 293 

Deaths 83 80 80 
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The impact of the vaccine can be observed graphically. Figure 6.1 shows the impact of 

lab-confirmed vaccination strategy compared with the no vaccination strategy for each 

of the three RR scenarios. The highest drop in the number of cases can be observed 

when the 0.75 RR scenario was assumed, as there was a greater number of 

susceptible in the population when the vaccines arrived.  
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Figure 6.1 Trend of the pandemic with and without vaccination  

a) 0.75 reporting rate scenario 

No vaccine                                                          

            

Vaccine (lab-confirmed strategy) 

 
Lines in pink correspond to all age groups  
Lines in orange correspond to the 0-15 age group 
Lines in green olive correspond to the 16-39 age group 
Lines in green correspond to the 40-59 age group 
Lines in blue correspond to the 60 and over age group 
the x-axis represents time, y-axis total number of notified cases; 
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b) 0.01 reporting rate scenario 

No vaccine

 

Vaccine (lab-confirmed strategy) 

 
Lines in pink correspond to all age groups  
Lines in orange correspond to the 0-15 age group 
Lines in green olive correspond to the 16-39 age group 
Lines in green correspond to the 40-59 age group 
Lines in blue correspond to the 60 and over age group 
the x-axis represents time, y-axis total number of notified cases 
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c) 0.001 reporting rate scenario 

No vaccine 

 

Vaccine (lab-confirmed strategy) 

 
 
 

Lines in pink correspond to all age groups  
Lines in orange correspond to the 0-15 age group 
Lines in green olive correspond to the 16-39 age group 
Lines in green correspond to the 40-59 age group 
Lines in blue correspond to the 60 and over age group 
the x-axis represents time, y-axis total number of notified cases 
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6.4.1.1 Cost-effectiveness results 

The results presented here are from the PSA using the 200 thinned parameters from 

the MCMC routine. A jackknife 95% confidence interval for ICER was estimated to 

provide confidence levels on the ICER given that only 200 iterations were performed.  

Since the costs and QALY loss estimates were based on the number of patients with 

ILI who sought medical attention,65 the no vaccination strategy estimates were highest 

for the 0.75 RR scenario followed by the 0.01 and 0.001 (0.75: over $83.6 billion MXN; 

0.01: over $3.3 billion MXN and 0.001: over $360 million MXN). The QALY losses were 

estimated to be 468,967; 106,140 and 104,414 QALY respectively. 

In the 0.75 RR scenario, the net cost of vaccination was less costly than no 

vaccination, saving between $67 and $74 billion MXN. The vaccination strategies also 

estimated less QALY losses than the no vaccine by a large margin (between 393,000 

and 429,000). Therefore, in both vaccination scenarios (population and lab-confirmed 

strategies) when a 0.75 RR was assumed vaccination dominates the no vaccination 

alternative.  

When the RR was assumed to be 0.01, the vaccine strategies were more costly than 

the no vaccine (between $1.7 and $1.9 billion). However, in both vaccination strategies, 

the estimated QALY losses avoided were more than in the no vaccine scenarios 

(between 29,000 and 34,700 QALYs). The estimated ICERs for both vaccination 

strategies (population and lab-confirmed) were below the lower assumed threshold 

value ($110,000)  

For the 0.001 RR analysis, the costs associated with the vaccination strategies were 

greater than no vaccination. Vaccination was associated with a slightly more number of 

QALY lost, therefore in both vaccination scenarios, the no vaccine dominated the 

vaccine strategies.  

Results for all RR scenarios in the base case analysis are provided in Table 6.16. 

 

 

  

                                                

65 This assumes that those who did not seek medical attention were either asymptomatic or mild to low 

severity infections and would treat themselves. This assumes no costs incurred by the MMH but assumes 
a QALY loss due to sickness as 50% of those who seek medical treatment. This assumption was tested in 
the sensitivity analysis.  
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Table 6.16 Cost-effectiveness results for vaccine arriving as expected 

a) RR 0.75 

Intervention Costs* QALYs Lost ICER Results 

No vaccination strategy $83,622 468,967   

Population $15,809 75,438 - Dominates 

Lab-confirmed $9,406 39,937 - Dominates 
  

b) RR 0.01 

Intervention Costs* QALYs Lost ICER Result 

Jackknife 

Lower 
bound 

Upper 
bound 

No vaccination 
strategy 

$3,318 106,140 - - - - 

Population $5,253 76,912 $66,189 Cost-effective $64,708 $67,663 

Lab-confirmed $5,061 71,386 $50,142 Cost-effective $48,807 $51,471 

  

c) RR 0.001 

Intervention Costs* QALYs Lost ICER* Result 

No vaccination strategy $361 104,414 - - 

Population $3,305 104,794 - Dominated 

Lab-confirmed $3,296 104,721 - Dominated 
Notes for all tables: 
*Figures in millions of MXN 
Comparison was made against the no vaccine strategy  
Jackknife only present if one of the interventions was not dominated 
Cost-effective at a $110,000 or $330,000 threshold 
- Not applicable 
 
 

 

The probability of a vaccine having a cost-per-QALY below $110,000 was 100% for the 

0.75 and 0.01 RR scenarios. The probability of a vaccine having a cost per QALY 

below $330,000 when the RR was 0.001 was 0%.  

Figure 6.2 and Figure 6.3, show the scatter plot, CEAC and CEAF of the no vaccine vs. 

the vaccine strategy for the 0.01 RR scenario.66 The Figures show that the scenario in 

which the vaccine intervention has a higher NMB is when the vaccine was targeted 

based on the proportion of lab-confirmed cases.  

 

 
 
 
 
 
 
 
 

                                                

66 The scatter plot for the 0.75 and 0.001 can be found in Appendix V. The CEAC and CEAF are not 
shown as in both RR scenarios the CEAC and CEAF the vaccine and no-vaccine intervention for the 0.75 
and 0.001 respectively, have a probability of being CE of 1 for all threshold values analysed ($0-$500,000)  
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Figure 6.2 Scatter plot and CEAC: No vaccine vs. vaccine interventions for a 
reporting rate of 0.01  

Scatter plot 

a) Population strategy 

 
 
 

b) Lab-confirmed strategy 

 

The black straight line represents the $110,000 threshold. Iterations to the right of the threshold line represents those 
where the vaccine intervention is cost-effective 
 
Cost-effectiveness plane 

c) Population strategy 

 

d) Lab-confirmed strategy 

 

Black line: No vaccine strategy; Grey line: Vaccine strategy; Dashes line: $110,000 threshold 
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Figure 6.3 Cost-effectiveness frontier: No vaccine vs. vaccine interventions for a 
reporting rate of 0.01  

Vaccine arrived as expected 

a) Population strategy 

 

b) Lab-confirmed strategy 

 
Black line: No vaccine strategy; Grey line: Vaccine strategy; Dashes line: $110,000 threshold;  
 

6.4.2 Sensitivity analysis  

 

6.4.2.1 Secondary analysis 

The analysis has the same assumptions described in Table 6.11 (and uses the same 

parameters values and distributions described in Table 6.12), except for when the 

vaccine arrived which was assumed to arrive 31 days later. Table 6.17 shows the 

estimated infections, ILI who sought medical attention, hospitalisations, ICU and deaths 

for the three RR. As expected, a late arrival of the vaccine prevents fewer cases 

(Appendix V contains a graph comparing the spread of the disease of the secondary 

versus the primary analysis).  

Despite these results, the broad conclusions regarding the CE of the vaccine 

interventions did not change for RR of 0.75 and 0.001 (when the RR was assumed to 

be 0.75 the vaccine interventions dominate; with an RR of 0.001 the no vaccine 

intervention dominates). An impact was observed, however when the RR was assumed 

to be 0.01 as the ICER for both vaccination strategies lay between $110,000 and 

$330,000 instead of below the $110,000 threshold. In this scenario, the probability of a 

vaccine having CE below $110,000 was 0%, while when a $330,000 threshold was 

assumed the probability was 100%. The scatter plots, CEACs can be found in 

Appendix V. 
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Table 6.17 Estimated infections, ILI who sought medical attention, 
hospitalisations, ICU and deaths due to the vaccination campaign arriving one 
month later than expected for the three RR assumed 

Reporting rate 
For the 0-15 age 
group 

Vaccine Strategy 

No-vaccine Population Lab-confirmed 

0.75 

Total infections* 19,912,953 6,515,808 4,556,767 

ILI 19,912,953 6,515,808 4,556,767 

Hospitalisations 1,143,784 372,758 263,826 

ICU 74,046 24,127 17,076 

Deaths 21,771 7,017 5,078 

0.01 

Total infections 19,856,040 17,039,452 16,543,352 

ILI 878,147 753,987 730,422 

Hospitalisations 42,668 36,652 35,497 

ICU 2,762 2,373 2,298 

Deaths 769 659 641 

0.001 

Total infections 22,433,898 21,845,151 21,829,368 

ILI 95,413 92,870 92,799 

Hospitalisations 4,661 4,537 4,534 

ICU 302 294 294 

Deaths 83 80 80 
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Table 6.18 Cost-effectiveness results for vaccine arrival late 

a) RR 0.75 

Intervention Costs* QALYs Lost ICER Results 

No vaccination strategy $83,622 468,967   

Population size $30,173 155,885 - Dominates 

Lab-confirmed $22,149 111,728 - Dominates 
 

b) RR 0.01 

Intervention Costs* QALYs Lost ICER Result 

Jackknife 

Lower 
bound 

Upper 
bound 

No vaccination 
strategy 

$3,318 106,140 - - - - 

Population size 
$5,804 94,582 $215,081 

Cost-
effective~  

$210,930 $219,196 

Lab-confirmed 
$5,706 91,946 $168,269 

Cost-
effective~ 

$165,108 $171,404 

 

c) RR 0.001 

Intervention Costs* QALYs Lost ICER Result 

No vaccination strategy $361 104,414 - - 

Population size $3,307 105,142 - Dominated 

Proportion of Infected $3,297 105,069 - Dominated 

Notes for all tables: 
*Figures are in millions of MXN 
Comparison was made against the no vaccine strategy  
Jackknife only present if the vaccine intervention was not dominated 
~ Cost-effective at $110,000 or $330,000 
- Not applicable 
 

6.4.2.2 One way and scenario analysis 

Table 6.13 described the sensitivity and scenario analyses performed. The analyses 

show that the CE results are robust to changes in most the parameters of interest. 

None of the sensitivity analysis performed on the 0.75 RR showed any relevant change 

in the conclusion: vaccine intervention dominates no vaccine.  

When the RR was assumed to be 0.01 however, vaccination was CE in all but two 

scenarios. These were when no QALYs lost were assumed for asymptomatic or mild 

cases (patient who did not seek medical treatment) and the “pessimistic scenario” 

where the following parameters were changed: vaccine effectiveness was set at 30%; 

the vaccination campaign lasted 145 days; 12% wastage and arrived later than 

expected (Table 6.19).  

For analyses assuming an RR of 0.001, the vaccines were not CE in all but one 

scenario analyses. This was when a generation times of 2.71 days was assumed 

(Table 6.20) 
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Table 6.19 Sensitivity analysis tested scenarios 

Sensitivity analysis scenario 

Vaccine strategy tested Base case results Sensitivity analysis result 

Comment 
RR 

Vaccine 
arrival 

Vaccine 
strategy 

ICER 
Pr. of CE 

$110,000/$33
0,000 

ICER 
Pr. of CE 

$110,000/$330,0
00 

No adverse events 
0.01  late 

Population $215,081 0.00/1.00 $162,827 0.00/1.00 
Lower ICER, no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $133,428 0.04/1.00 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 $902,666 0.00/0.00 Lower ICER but no change in the decision  

No prior immunity 0.001 Expected Lab-confirmed Dominated 0.00/0.00 $3.1 mill 0.00/0.00 Lower ICER but not change in the decision  

5% Vaccine wastage  

0.01  Late 
Population  $215,081 0.00/1.00 $202,078 0.00/1.00 

Lower ICER, no change in the decision 
Lab-confirmed $168,269 0.00/1.00 $158,314 0.01/1.00 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 Dominated 0.00/0.00 The vaccines remained dominated 

70% Vaccine effectiveness 
 

0.01 
late 

Population $215,081 0.00/1.00 $160,040 0.01/1.00 

Lower ICER, no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $129,266 0.12/1.00 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 Dominated 0.00/0.00 The vaccines remained dominated 

30% Vaccine effectiveness 
 

0.01 Expected 

Population $66,189 1.00/1.00 $112,966 0.40/1.00 

Higher ICER but no change in the decision  

Lab-confirmed $50,142 1.00/1.00 $82,517 1.00/1.00 

145 days’ vaccination 
campaign duration  
 

0.01 Expected 

Population $66,189 1.00/1.00 $106,891 0.57/1.00 

Higher ICER but no change in the decision 

Lab-confirmed $50,142 1.00/1.00 $73,183 1.00/1.00 

No productivity loss 
included 

0.01  Late 

Population $215,081 0.00/1.00 $216,439 0.00/1.00 

Higher ICER but no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $203,998 0.00/1.00 
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Medical personnel cost to 
apply the vaccine 

0.01 

Expected 
Population $66,189 1.00/1.00 $70,456 1.00/1.00 

Higher ICER but no change in the decision 

Lab-confirmed $50,142 1.00/1.00 $53,787 1.00/1.00 

Late 
Population $215,081 0.00/1.00 $225,364 0.00/1.00 

Higher ICER but no change in the decision 
Lab-confirmed $168,269 0.00/1.00 $176,712 0.00/1.00 

50% reduction in the QALY 
loss for asymptomatic or 
mild cases 

0.01 Expected 
Population $66,189 1.00/1.00 $122,189 0.21/1.00 

Higher ICER but no change in the decision  
Lab-confirmed $50,142 1.00/1.00 $91,256 0.90/1.00 

No QALY loss for 
asymptomatic or mild cases 

0.01 Expected 
Population $66,189 1.00/1.00 $793,730 0.00/0.00 

Decision changed to not cost-effective 
Lab-confirmed $50,142 1.00/1.00 $506,852 0.00/0.01 

10 to 1 ratio between ILI 
who seek medical attention 
and lab-confirmed cases 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 Dominated 0.00/0.00 No significant change observed 

5.01 to 1 ration between ILI 
who seek medical attention 
and lab-confirmed 

0.75 Late Population Dominates 1.00/1.00 Dominates 1.00/1.00 No significant change observed 

Three times risk of 
hospitalisation, ICU and 
Death 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 Dominates 0.00/0.00 No significant change observed 

Opportunity cost  0.001 Expected Lab-confirmed Dominated 0.00/0.00 $954,465 0.00/0.00 Lower ICER but no change in the decision 

Optimistic scenario 
0.01  Late 

Population $215,081 0.00/1.00 $120,234 0.18/1.00 
Lower ICER, no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $100,391 0.77/1.00 

0.001 Expected Lab-confirmed Dominated 0.00/0.00 $876,495 0.00/0.00 Lower ICER but no change in the decision  

Pessimistic scenario 
0.01   
 

Expected 
Population $66,189 1.00/1.00 $190,949 0.00/1.00 

Higher ICER but no change in the decision 
Lab-confirmed $50,142 1.00/1.00 $136,025 0.05/1.00 

Late 
Population $215,081 0.00/1.00 $697,973 0.00/0.00 

Decision changed to not cost-effective 
Lab-confirmed $168,269 0.00/1.00 $467,098 0.00/0.01 
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Table 6.20. Sensitivity analysis: alternative generation intervals 

Sensitivity analysis 
scenario 

Vaccine strategy tested Base case results Sensitivity analysis result 

Comment 
RR 

Vaccine 
arrival 

Vaccine strategy ICER 
Pr. of CE 

$110,000/$330,00
0 

ICER 
Pr. of CE 

$110,000/$330,
000 

1.3 generation time 

0.75 Expected Population Dominates 1.00/1.00 Dominates 1.00/1.00 No significant change observed 

Lab-confirmed Dominates 1.00/1.00 Dominates 1.00/1.00 

Late Population Dominates 1.00/1.00 Dominates 1.00/1.00 No significant change observed 

Lab-confirmed Dominates 1.00/1.00 Dominates 1.00/1.00 

0.01 Expected Population $66,189 1.00/1.00 $92,743 0.92/1.00 Higher ICER but no change in the decision  

Lab-confirmed $50,142 1.00/1.00 $75,344 1.00/1.00 

Late Population $215,081 0.00/1.00 $293,963 0.00/0.74 Higher ICER but no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $234,600 0.00/0.99 

0.001 Expected Population Dominated 0.00/0.00 Dominated 0.00/0.00 No significant change observed 

Lab-confirmed Dominated 0.00/0.00 Dominated 0.00/0.00 

Late Population Dominated 0.00/0.00 Dominated 0.00/0.00 No significant change observed 

Lab-confirmed Dominated 0.00/0.00 Dominated 0.00/0.00 

2.71 generation time 

0.75 Expected Population Dominates 1.00/1.00 Dominates 1.00/1.00 No significant change observed 

Lab-confirmed Dominates 1.00/1.00 Dominates 1.00/1.00 

Late Population Dominates 1.00/1.00 Dominates 1.00/1.00 No significant change observed 

Lab-confirmed Dominates 1.00/1.00 Dominates 1.00/1.00 

0.01 Expected Population $66,189 1.00/1.00 $47,760 1.00/1.00 Lower ICER, no change in the decision 

Lab-confirmed $50,142 1.00/1.00 $33,656 1.00/1.00 

Late Population $215,081 0.00/1.00 $152,282 0.01/1.00 Lower ICER, no change in the decision 

Lab-confirmed $168,269 0.00/1.00 $118,297 0.30/1.00 

0.001 Expected Population Dominated 0.00/0.00 $203,857 0.00/0.99 Decision change to cost-effective.   

Lab-confirmed Dominated 0.00/0.00 $193,895 0.00/0.99 

Late Population Dominated 0.00/0.00 $250,753 0.00/0.93 Decision change to cost-effective.  

Lab-confirmed Dominated 0.00/0.00 £235,667 0.00/0.98 
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6.5 Summary 

This Chapter detailed the CE analysis of the A(H1N1) vaccine in Mexico. The analysis 

was based on the moment the decision to purchase the vaccine was made, using the 

ODE model detailed in Chapter 4, which was calibrated to the lab-confirmed data. 

Analysing the CE of the vaccine at the time the MMH decided to make the purchase 

has relevance as it provides an estimation of whether this was a good use of money 

given the information available. However, the analysis was complicated given that the 

number of susceptibles in the population at the time the decision was made was 

unknown. This uncertainty had implications regarding calibration and in estimating the 

CE of the vaccine. Three RR scenarios were assumed for the 0-15 year of age group 

(Chapter 4). A high RR of 0.75 (one reported case per 1.33 cases); a medium to low 

RR of 0.01 (one reported per 100 cases) and a low RR of 0.001 (one reported per 

1,000 cases). The performed analysis explores the CE of the vaccine in these three RR 

scenarios.    

The CE model assumes the perspective of the MMH and aims to compare different 

strategies where the vaccine was available against non-purchase of the vaccine. The 

population was divided into four age groups 0-15; 16-29; 30 to 59 and 60 years and 

over. The main outcomes were the total number of predicted cases, asymptomatic or 

mild infections, patients with ILI seeking medical attention, hospitalisations, ICU 

treatment and deaths. Additionally, vaccine adverse events and productivity losses 

were considered. These outputs are used to estimate the QALYs and costs of each 

strategy. 

Most of the information used to populate the models comes from the MMH, the INEGI 

or National Institute of Statistics and Geography or other published articles related to 

the 2009 A(H1N1) pandemic in Mexico that were available to the MMH at the time the 

decision was made.  

Treatment guidelines and official documents on the resources required for the 

treatment of the patients with the 2009 A(H1N1) pandemic and their family members 

were used to estimate the resources necessary for their treatment. The QALYs losses 

were based on the results of a literature search. The cost of the vaccination, including 

delivery costs, cold chain and transportation were also included along with those 

related to potential adverse events of the vaccination. 

The CE was determined via PSA. The parameter sets used were those obtained from 

the MCMC process described in Chapter 4. A total of 200 parameter sets were used 

providing 200 different outputs regarding number infections (and when combined with 
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the RRs the number of lab-confirmed cases). These numbers were used to estimate 

the number of deaths, hospitalisations, ICU, adverse events and productivity losses. 

Input values for parameters related to costs, QALYs and the proportion of 

hospitalisations, ICU, adverse events were sampled from distributions to allow a 

probabilistic estimate of incremental costs and QALYs. Those draws were sampled 

from appropriate distributions. This process allowed the estimation of ICERs, CEACs 

and CEAFs. 

Two different vaccination strategies were tested: Strategy 1: vaccination of the entire 

population based on the proportion of individuals in each age group (population 

strategy) and strategy 2: vaccination of the general population with vaccination based 

on the proportion of lab-confirmed individuals at decision time (lab-confirmed strategy). 

The primary analysis assumed that the vaccine arrived as expected, while a secondary 

analysis assumed the vaccine arriving 31 days later. The base case scenario was 

based on the information available or the assumptions made by the MMH at the 

moment the decision to purchase was made. This assumed a 12% wastage, a vaccine 

effectiveness of 50%, a 90 days’ vaccination campaign duration, adverse events of the 

vaccine and expected productivity losses.     

The result of the PSA analysis estimated that the vaccine intervention dominated the 

no vaccine alternative when the RR was assumed at 0.75. When the RR was assumed 

at 0.001 however, the vaccine was dominated. When the RR was assumed at 0.01, the 

vaccine was cost-effective at the lower threshold £110,000 MXN. 

The results were robust with the decision unchanging for the 0.75. The results for the 

0.001 scenario mostly remain unchanged as the vaccine only became CE when a 2.71 

mean generational interval was assumed. Otherwise, the vaccines strategies were 

dominated or not CE.  

When the RR was assumed to be 0.01 however, vaccination was CE in all but two 

scenarios. These were when no QALYs lost were assumed for asymptomatic or mild 

cases (patient who did not seek medical treatment) and the “pessimistic scenario” 

where the following parameters were changed: vaccine effectiveness was set at 30%; 

the vaccination campaign lasted 145 days; 12% wastage and arrived later than 

expected.  

For analyses assuming an RR of 0.001, the vaccines were not CE in all but one 

scenario analyses. This was when a generation times of 2.71 days was assumed.   

The results suggest that the main factor in determining the CE of the vaccine 

intervention is the assumed RR. The higher the RR, the more CE the vaccine strategy. 
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The results show that assuming an RR of 0.01 (or higher) showed that the vaccine was 

CE. The MMH expectation was that for everyone identified case there would be ten 

asymptomatic. If assuming this to be an RR (0.09), the vaccine would have been CE. 

To determine the “threshold“ RR at which the vaccine intervention would switch 

between being cost-effective and not cost-effective a series of different RR would have 

been required. Given the time requirements of the MCMC routine, this was not carried 

out.  



 

 

 

Chapter 7. Summary, contribution, discussion, and areas of future 

research 

 

7.1 Overview of the Chapter 

This Chapter provides a summary of the thesis including the main contributions to the 

knowledge base, discussion, limitations and areas of future research. Section 7.2 

provides an overview of the thesis; Section 7.3 summarises the key findings whilst 

Section 7.4 compares these findings with other published work. Section 7.5 considers 

the limitations of the work. Section 7.6 provides a reflection on the use of DES in the 

context of this thesis. Section 7.7 details the main contribution of the thesis to the 

knowledge base, and Section 7.8 highlights areas of future research.  
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7.2 Overview of the Thesis 

During 2009 Mexico experienced the A(H1N1) pandemic. Mexico was one of the 

earliest countries to be affected by this virus and displayed a marked increase (162%) 

in the number ILI and ARI between April and May compared with the same period in 

the previous year. Given these figures, the MMH feared an outbreak of 2 million cases 

that would result in one million deaths within a three month period (El Universal Online, 

2010). 

Initially, the MMH implemented actions in an attempt to contain the outbreak. These 

included school closures and a cessation of non-essential activates (24th of April-5th 

May 2009). At the end of these strategies, another wave arose (between May and 

August 2009). By the end of May 2009, the number of lab-confirmed cases reported by 

the MMH reached almost 7,000 with 97 deaths.  

The MMH anticipated a bigger third wave would occur due to the beginning of the 

2009-2010 school term and the Autumn and Winter months. Estimations made by the 

MMH suggested that the number of deaths could range between 9,000 to 49,000, while 

outpatient care and hospitalisations could range between 3 to 14 million and 50,000 

and 250,000 respectively (Córdova-Villalobos et al., 2010). 

Based on these estimations the MMH began negotiations to acquire vaccines under 

development by international pharmaceutical companies. The decision to purchase 

was announced on the 18th July 2009 (towards the end of the second wave). The MMH 

bought 30 million doses of the A(H1N1) vaccine from Sanofi-Pasteur (67%) and GSK 

(33%) for a value of 2,850 million Mexican pesos (MXN) (approximately 130 million 

GBP) (El Universal Online, 2009a). 

A technical consultation group (TCG) was constituted in August 2009 to manage the 

vaccination program effectively. Based on the characteristics of the disease observed 

to that date the group concluded that the vaccination strategy should have as 

objectives reducing both the probabilities of fatalities and transmission of the disease. 

According to MMH calculations, the first batch of vaccines was due to arrive at the end 

of October 2009 when a third wave of the vaccine was expected.67 

The value for money of the vaccines purchased was uncertain as little information 

about the effectiveness or availability of the vaccines was known at the time of the 

                                                

67 The vaccine arrived towards the end of November 2009 (Expansion, 2009) 
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decision, and additionally, the size of the future pandemic was unknown. The work 

undertaken in this thesis estimated the CE of a population-based vaccine strategy of 

the 2009 A(H1N1) pandemic in Mexico using the information available at the time the 

decision to purchase the vaccine was made. 

To obtain accurate results, this required the model to be dynamic. An ODE model 

following a SEIR approach was used. Additionally, a model using a DES approach was 

constructed to assess whether such an approach was appropriate. 

Six milestones were set within the thesis. The first, following a literature review, aimed 

to document the different models, and relative frequency used to estimate the CE of an 

infectious disease vaccine intervention.  

The second and third milestone were to construct the ODE and the DES models. The 

ODE model was built in R, while the DES model built in Simul8©.  

The fourth milestone was the calibration of these models so that the number of lab-

confirmed cases in Mexico could be approximately replicated. The calibration of the 

ODE model used an MCMC chain using an Automated Factor Slice Sampling method 

as described in Tibbits et al. (2014), while the DES used the Metropolis-Hastings 

algorithm. The calibration used lab-confirmed data up to the moment the decision to 

purchase the vaccine was made (18th July 2009). Given the poor results and the 

difficulties found calibrating the DES model, this was deemed as a not appropriate 

approach to estimate the CE of the A(H1N1) vaccine intervention was not explored 

further. 

The data available on lab-confirmed cases could significantly underestimate the actual 

number of infections if patients were asymptomatic or did not seek medical attention, 

and thus at the time of the decision to purchase the vaccines, it was not possible to 

robustly estimate the number of susceptible individuals in the population. To consider 

this, the model made assumptions regarding the RR. Three RR scenarios were 

considered using different reporting rates for the 0-15-year-old age group: 0.001 (one 

lab-confirmed case per 1,000 infected), 0.01 (one lab-confirmed case per 100 infected) 

and 0.75 (one lab-confirmed case per 1.33 infected). 

The fifth milestone was to determine the CE of population-based vaccination strategies 

for A(H1N1) during the 2009 pandemic in Mexico. Three strategies were tested: 

Strategy 1: vaccination based on the entire population based on proportion of 

individuals in each age group (population strategy); Strategy 2: vaccination of the 

general population with vaccination based on the proportion of lab-confirmed 

individuals at the moment the decision to purchase was announced (lab-confirmed 
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strategy); and Strategy 3 no vaccination. The analysis was performed using the 

perspective of the MMH and included productivity losses due to sickness. Vaccine 

wastage and adverse events due to vaccination were included in the base case. 

Lastly, the sixth milestone was to comment on the use of the DES methodology to 

predict the 2009 A(H1N1) pandemic in Mexico. 

7.3 Summary of key findings 

The results from this thesis have produced the following key outcomes listed in order of 

perceived importance. 

1. In the base case, the analysed vaccine strategies were CE when an RR of 0.75 

and RR of 0.01 was assumed. When a low RR (0.001) was assumed the no 

vaccine intervention dominated the vaccine strategies  

2. These results were robust to most of the sensitivity analyses performed. The 

exceptions were:  

I. For the 0.001 RR scenario when a mean generational time of 2.71 was 

assumed where the vaccine strategies became CE  

II. For the 0.01 RR scenario when a pessimistic scenario (vaccine 

effectiveness of 30%, 145 days’ vaccination campaign duration, 12% 

vaccine wastage and adverse events considered) where the vaccine 

strategies became not CE and 

III. For the 0.01 RR scenario where no QALY loss for asymptomatic or mild 

infection was assumed, the vaccine strategies became not CE.   

3. The use DES methodology was deemed not to be suitable for simulating a 

pandemic. It was concluded that an ODE had clear advantages compared with 

a DES approach in such a setting. 

4. Most articles produced to estimate the CE of a vaccine intervention of an 

infectious disease are predominantly based on a static approach. The use of 

dynamic models has increased over the years, but the static approach remains 

the preferred method for researchers. It was shown that the date of publication 

had a statistically significant influence on the probability of using a dynamic 

methodology. Latin America countries (clustered as medium GDP per capita) 

do not compare unfavourably with high GDP per-capita regions in the used of 

dynamic models.  
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7.4 Comparison of the cost-effectiveness methods and results with other 

published studies. 

 

Eleven dynamic studies were found estimating the CE of pandemic influenza: Halder et 

al., (2014); Kelso et al., (2013); Lugner et al., (2012); Newall et al., (2010); Baguelin et 

al., (2010); Lee et al., (2010); Sander et al., (2010, 2009); Khazeni et al., (2009ª); Lee 

et al., (2009); Khazeni et al., (2009b). Of these only three were related to the 2009 

A(H1N1) pandemic Baguelin et al., (2010); Sander et al., (2010); Khazeni et al., 

(2009b).  

As in the analysis done in this thesis, in Baguelin et al., (2010) at the time the analysis 

was made it was not possible to determine the actual number of susceptible individuals 

still available in the population. To account for this, Baguelin et al., (2010) tested three 

different rescaling factors to predict the Autumn wave. This is comparable to the 

approach taken in the thesis of using three RRs  

In both models, the RR assumed had an impact on the predicted pandemic, with higher 

reporting values resulting in most of the predicted cases being concentrated in the third 

wave, while with lower reporting values (0.001) more of the cases occurred during the 

first two waves of the pandemic. This thesis found that the main factor in determining 

the CE of the vaccine interventions was the assumed RR, as the higher the RR and 

associated higher numbers of infections, the more CE the vaccine intervention is. The 

conclusion that the size of the epidemic was the biggest driver of CE was also stated in 

Baguelin et al., (2010) 

In contrast with Baguelin et al., (2010) this work did not explore a vaccination strategy 

targeting high-risk individuals, although the results found in the thesis suggest that 

when high and middle RR (0.75 and 0.01) are assumed, the vaccine is CE even in a 

population-based strategy.68,69   

Some studies such as Lugner et al., (2012), Sander et al., (2009), Newall et al., (2010), 

Baguelin et al., (2010), Sander et al., (2010) and Khazeni et al. (2009) found that the 

CE of vaccination is heavily dependent on the timing. Newall et al., (2010) suggested 

that a vaccination strategy before the start of the pandemic combined with antiviral 

                                                
68 Baguelin et al., (2010) found that the most CE strategy was vaccinating the high-risk group population 
while extending the vaccine to the 5-14 years’ group being the more likely extension to be CE 
69 A sensitive analysis increasing the risk of the consequences of those infected was also included. The 
results did not change the overall conclusions in any of the RR scenarios explored. 
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treatment would be a CE strategy. Baguelin et al., (2010) found that delays in the 

program by a few weeks causes most of the benefits of the vaccination to be lost. 

Sander et al., (2010) concluded that a mass vaccination campaign two weeks before 

the peak of the pandemic would be highly CE. However, it was sensitive to the timing 

of the immunisation program. Khazeni et al. (2009) analysed the 2009 A(H1N1) 

pandemic and reported that vaccination in October was more cost-effective than in 

November.  The results produced in this thesis showed that whilst the CE of the 

vaccines became worse as the initiation time was assumed to arrive 31 days later than 

expected, the overall CE recommendations remained unaltered.  

In contrast with Baguelin et al., (2010), the costs of the vaccines were considered as 

part of the analysis (not sunk) as the MMH have not yet spent the money to purchase 

the vaccine. Although the high cost of the vaccine (over $2.8 million MXN), the vaccine 

interventions was CE for two of the three RR scenarios considered.  

The results found in this work are in line with the early findings obtained by the TCG 

CE analysis which concluded that the vaccine intervention was only CE if the total 

numbers of infections and deaths were 15 times greater than the lab-confirmed cases 

and deaths reported at the date of the analysis (August 2009; approximately 20,000 

infections).70 Based on the results from the ODE model, it is seen that in all scenarios 

there were more than 300,000 infections and thus the TCG would have estimated the 

vaccination programme to be CE. However, it was estimated in the thesis that the 

vaccines were not cost-effective when the RR was low (0.001). 

Three mean generation time were used to estimate the spread of the disease; base 

case 1.9; 1.3 and 2.71. Based on the range of average estimated cases (20.7 million to 

26.9 million total infections), the proportion of the population infected was expected to 

be between 15 and 25% of the population. This proportions are similar to those 

estimated in other countries or regions: 21% in Pittsburg, 13% in Singapore, 26.7% in 

New Zealand, 13.8% in Beijing and 20-30% in Ontario (DENG et al., 2011; Zimmer et 

al., 2010; Achonu et al., 2011; ESR, 2010; Chen et al., 2010). Elizondo-Montemayor et 

al. (2012) estimated a higher number for a Mexican population (between 37 and 41%) 

however this study was based on a specific locality that accounts for only 2.5% of the 

entire Mexican population. Furthermore, selection bias might have been present, as 

                                                

70 Details on this analysis described were scarce - no published or unpublished information about this 
analysis was found. Uncertainty existed regarding the type of model developed; the method used, and the 
total numbers vaccinated in each group or in the universal vaccination scenario. It is likely, however, that 
this analysis came after the decision to purchase the vaccine was made as the TCG was formed after the 
announcement. 
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participants might have volunteered to participate given that they have experienced 

A(H1N1).  

The estimates presented here also include productivity losses due to sick days for 

those patients who required medical attention in contrast with Khazeni et al., (2009b) 

whose analysis did not include these estimates. However, the impact of productivity 

losses was modest as the sensitivity analysis only show a slight increase in the ICER 

when these were not included.  

 

7.5 Limitations of the analyses undertaken 

 

The model constructed in the thesis has several limitations. The model only considered 

four age groups. It made no distinction between high-risk groups such as individuals 

with obesity, overweight, asthma, diabetes, pregnant women, with chronic obstructive 

pulmonary disease, chronic renal failure, diabetes, or cardiovascular conditions which 

could face a higher risk of complications due to an A(H1N1) infection. A sensitivity 

analysis increasing the risks of the consequences for those infected was performed 

with the aim of exploring the impact of infections in high-risk patients.71 This analysis 

was only carried out in the 0.001 RR scenario as this was the only scenario in which 

the vaccine was not CE. The results showed that the vaccine intervention was no 

longer dominated although the estimated ICER remained above the upper assumed 

threshold ($330,000). 

Disruption of health services due to the increase in the number of patients seeking 

medical attention was not explicitly modelled. However, a sensitivity analysis was 

performed where it was assumed that the additional hospitalisations generated within 

the no vaccination strategy were associated with the loss of life of a patient who could 

not be admitted to hospital. This extreme analysis was performed for the 0.001 RR 

scenario with no significant change in the decision: although the vaccine intervention 

was no longer dominated, its ICER was above the upper threshold value. 

Only two vaccine strategies were tested: population and lab-confirmed. However, it is 

believed that potentially more efficient vaccination strategies would not alter the 

conclusion regarding CE. In the 0.001 RR scenario, the difference between the 

estimated number of cases prevented between the population and lab-confirmed 

                                                

71 This scenario assumes three times more risk of hospitalisations, ICU care and deaths 
compared to the base case assumptions 
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interventions was 15,800 cases compared with over a million when the 0.01 RR 

scenario was assumed. This relatively small difference was due to the number of a low 

number of susceptible available in the population in the 0.001 RR strategy, suggesting 

that alternative vaccination strategies would not have a significantly large impact to 

make the vaccines CE.   

Medical personnel costs to apply the vaccines were included as a sensitivity analysis, 

as there was no information on whether these costs were considered sunk by the 

MMH. This sensitivity analysis assumed that an extra 10,000 temporary medical 

assistants were hired for the duration of the campaign (90 days) and were paid the 

average daily wage in Mexico ($126.20 MXN). The analysis was performed for the 0.01 

RR for the population and lab-confirmed strategies when the vaccine arrived as 

expected and 31 days later, with no impact on the CE decision.  

The study was based on the whole population of Mexico without differentiation by state 

or region, and thus pockets of infection were not modelled. No reduction in infectivity 

and the likelihood or transmitting disease was considered for those with mild or 

asymptomatic infection.  

The QALY loss values used are not specific to the Mexican population as no utility data 

specific for the country exists. 

It has been assumed that the data on confirmed cases are accurate. This assumption 

may be incorrect if people were more likely to report to clinics on weekdays rather than 

weekends or if there were errors introduced when the data were reported or compiled.  

Whilst these limitations exist this is also true for other models, and it is not believed that 

these would strongly effect the conclusions within the thesis. 

 

7.6 Use of the DES technique  

 

The DES model was deemed unsuitable to simulate the A(H1N1) pandemic in Mexico. 

As shown in Chapter 5, the calibration of the model was not successful as the 

diagnostic trace plots showed that the chain was not properly exploring the parameter 

space after 20,000 iterations. A key reason for this is the use of a fixed number stream 

in each run of the DES model, which hinders movement away from a parameter set 

that fits the data well. If the DES model had been deemed to be an appropriate 

method, the output would need to have used multiple random number streams to 
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obtain a distribution of parameter sets that fit the data. Given the computational time 

requirements, (particularly if low RRs were used) the DES approach was not pursued 

further. 

Since the ODE model had a much lower running time and could be successfully 

calibrated using an MCMC approach, this thesis concluded that the DES approach was 

not suitable for modelling a pandemic.  

 

7.7 Contribution of the thesis to the knowledge base 

 

The thesis classified published CE models within infectious disease settings by type 

(static and dynamic) and by type of method use. Analyses were undertaken to see if it 

were possible to predict factors that were associated with the use of a dynamic model. 

Year of publication was the only significant independent variable identified.  

The thesis compared two different types of modelling approaches: ODE and DES. The 

conclusion was that the DES approach was unsuitable and provided no benefits 

compared with the ODE method which had multiple advantages over the DES method. 

The results suggest that the MMH decision to purchase the vaccine was 

understandable as in only one of the three RR scenarios (0.001) the vaccine was not 

CE and the MMH estimate of RR was 0.09. In this scenario, the vaccines were 

estimated to be cost-effective if the generation time was at the 95% confidence interval 

of that anticipated. Whilst the decision ultimately was not shown to be cost-effective in 

hindsight, given the rapid depletion of the susceptible population and the delay in the 

vaccines arriving, the decision made given only the information available at that time 

point appears correct.  

 

7.8 Areas of future research 

In the thesis, the CE of the vaccines purchased by the Mexican Government using the 

information known at the time of purchase was estimated. There is little additional work 

on this that can be conducted given that the answer is known using hindsight, although 

it has been shown that the decision taken was understandable.  

Whilst using an ODE model and calibrating this with an MCMC is not novel it has been 

shown that the CE of potential vaccination strategies could be calculated relatively 

quickly once probabilistic parameter sets have been generated. Future research could 
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involve simulation studies to ascertain whether pre-vaccination strategies or 

vaccinating certain age groups would be the optimal use of vaccines. 

A key uncertainty in the work was the RR which determined the size of the pandemic 

regarding cases requiring medical attention and in the number of deaths and 

hospitalisations. Research analysing previous epidemics to see if any commonalities 

can be determined regarding the numbers of infections that are reported to medical 

attention, and latent and infectious periods would aid future researchers. 

Analyses of the CE of other vaccine purchases within a pandemic setting would be of 

interest to establish whether the fear associated with the possibility of a very large 

number of cases has resulted in decisions to purchase vaccines that were not 

expected to be CE given the estimates of mean costs and QALY. 
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