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Abstract In this chapter, we highlight how recent advances in influenza epidemi-

ology can inform strategies for disease control. Given the challenge of direct

measurement, influenza epidemiology has benefited greatly from statistical infer-

ence from the analysis of large datasets regarding hospitalization, mortality, and

outpatient visits associated with seasonal circulation of influenza viruses. These

data have allowed comparison of the impact of influenza in various climates and the

evaluation of the direct and indirect benefits of vaccination, the latter through the

vaccination of “transmitter populations” such as school children, to achieve herd

immunity. Moreover, the resolution of influenza epidemiology has undergone a

leap to the molecular level due to the integration of new antigenic and viral genomic

data with classical epidemiological indicators. Finally, the new data have led to an

infusion of quantitative studies from the fields of evolutionary biology, population

genetics, and mathematics. Molecular influenza epidemiology is providing deeper

insight into temporal/spatial patterns of viruses, the important role of reassortment

in generating genetic novelty, and global diffusion of virus variants – including the

role of the tropics, as a source of new variants. Higher resolution, contemporary,

and historic epidemiological data provide a more detailed picture of the effect of

age and other host characteristics on outcomes, as well as better estimates of the

transmissibility of pandemic and seasonal influenza viruses. New epidemiologic

and virologic data from the current A/H1N1pdm 2009 pandemic improve our

understanding of the emergence and establishment of new viral subtypes in

L. Simonsen

George Washington University School of Public Health and Health Services, Washington,

DC, USA

Fogarty International Center, National Institutes of Health, Bethesda, MD, USA

C. Viboud and M.A. Miller (*)

Fogarty International Center, National Institutes of Health, Bethesda, MD, USA

e-mail: millermar@mail.nih.gov

R.J. Taylor

SAGE Analytica, LLC, Bethesda, MD, USA

G. Del Giudice and R. Rappuoli (eds.), Influenza Vaccines for the Future, 2nd edition,

Birkh€auser Advances in Infectious Diseases,

DOI 10.1007/978-3-0346-0279-2_2, # Springer Basel AG 2011

27



human populations and their mortality and morbidity burden in the first years of

circulation. Re-examination of observational studies of vaccine effectiveness in

seniors is leading to reconsideration of seasonal and pandemic vaccine priorities,

while mathematical modelers have developed tools to explore optimal strategies for

mitigating on-going and future pandemics. The field of influenza epidemiology has

rapidly progressed in the past decade and become truly multidisciplinary. Progress

could be sustained in the next decade by further interdisciplinary studies between

virology, evolutionary biology, immunology, and clinical outcomes.

1 Introduction

Influenza viruses evolve continuously, challenging mammalian and avian hosts

with new variants and causing complex epidemic patterns with regard to age,

place, and time. Human influenza viruses cause disease through a variety of direct

and indirect pathological effects. The direct effects include destruction of infected

cells, damage to respiratory epithelium, and immunological responses that cause

general malaise and pneumonia. Indirect consequences of infection include sec-

ondary bacterial infections as a result of tissue damage and exacerbation of under-

lying comorbid conditions such as cardiovascular disease, renal disease, diabetes,

or chronic pulmonary disease [1, 2]. Given the lack of the conduct of laboratory

tests, the morbidity and mortality associated with influenza is frequently classified

into broad disease categories, such as pneumonia and influenza (P&I), respiratory

illness, or all-cause (AC) mortality determined through statistical inference, based

on seasonal coincidence of virus circulation and disease outcomes [3–5].

Given the difficulty of directly measuring influenza morbidity and mortality,

time series models have been developed to elucidate patterns of disease within

various age groups and populations [5–13]. Such models allow for quantification of

disease burden by season and severity of circulating strains [9]. Historical data have

also elucidated the links between influenza transmission across geographic regions

and population movements [14] and allowed comparison of the impact and trans-

missibility of past pandemics and epidemics in multiple countries [15–24]. Similar

models applied to prospective syndromic surveillance data have allowed the study

of the epidemiological signature of recurring and reemerging strains of influenza on

populations [25]. Mathematical modeling and statistical analyses of influenza

activity in tropical countries have rekindled interest into the seasonal drivers of

influenza and offered new insights into the circulation patterns of this virus at the

global and regional scales [26–28] (Fig. 1).

The field of influenza epidemiology has recently undergone a quantum leap in

resolution due to the increased availability of antigenic and viral genomic data and

the integration of these data with classical epidemiological indicators [29–32]. The

emerging field of molecular influenza epidemiology and evolution, or “phylody-

namics” [29], has provided a much clearer picture of the complex dynamics of global

influenza virus circulation and reassortment patterns. The growing number of available

influenza genome sequences from specimens collected around the world has started to
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create a more coherent picture of the global epidemiology of influenza, in particular

the interplay between virus evolution, population immunity, and impact.

We highlight how influenza epidemiology through statistical inference tools has

helped refine existing strategies for influenza control. We begin by examining the

spatial and temporal spread of seasonal influenza, and how old and new analytical

tools are reshaping quantitative thinking in influenza epidemiology and control. We

examine historical patterns of disease observed during the three pandemics of the

twentieth century and discuss the epidemiology of the recent avian A/H5N1

influenza threat and the current A/H1N1pdm 2009 pandemic. We review what is

known about the impact of vaccine in older age groups – the group with the greatest

influenza-related mortality burden – and a discussion of the implications of influ-

enza epidemiology for pandemic planning. We conclude with a short discussion of
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Fig. 1 Comparison of influenza virus seasonal patterns in temperate and tropical countries in the

Americas. Pie charts represent the percent distribution of influenza virus isolation by month as

compiled from WHO data between 1997 and 2005 (color bar). Note the transition in seasonal

patterns from north to south. The latitude of the capital city is indicated for each country in the

legend. Adapted from Viboud et al. [27]
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the epidemiology of “H1N1pdm,” the virus behind the current pandemic. Readers

looking for a more comprehensive treatment of the vast field of influenza epidemi-

ology may consider supplementing this chapter with some of the classical reviews

published over the last decades [2, 33–37].

2 Seasonal Influenza: New Insights

The disease burden of annual influenza epidemics varies greatly in terms of

hospitalizations and deaths. In the USA, clinical illness affects 5–20% of the

population and asymptomatically infects a larger number [36]. Infants, who are

exposed to influenza epidemics as a novel antigenic challenge after maternal

antibodies decline, may have attack rates as high as 30–50% in their first year of

life, depending on the frequency of contacts with older siblings [38]. For reasons

not fully understood, influenza viruses cause seasonal epidemics in the northern and

southern hemisphere during their respective winters. In the tropics, the timing of

activity is less defined, with sometimes year-round circulation or bi-seasonal peaks

during the year (Fig. 1) [27, 28, 39–42].

2.1 Methods Used to Estimate the Mortality
Burden of Influenza

Estimates of the number of influenza-related deaths are typically inferred through

statistical analysis. The syndromic diagnosis “influenza-like illness” is rarely labo-

ratory confirmed and is often caused by non-influenza respiratory viruses. More-

over, influenza may be an inciting factor that brings about death from secondary

bacterial pneumonia or an underlying chronic disorder. In these cases, the second-

ary infection or underlying disorders are typically identified as the cause of death

which may occur weeks after the initial viral infection. Because of these ascertain-

ment problems, determining the magnitude of influenza-related deaths requires

indirect approaches in which mathematical or statistical models are applied to

broad death categories. This approach was first used in 1847 by William Farr to

characterize an influenza epidemic in London and was further developed and

extensively used throughout the twentieth century. The refinements include Ser-

fling-like cyclical regression models [6, 12, 18, 21, 43–46] and Arima models [7, 8,

47, 48], which are applied to monthly or weekly time series of P&I or AC mortality.

Overall, investigators from at least 17 countries have used variants of these Ser-

fling-type models to estimate the mortality burden of influenza. Similar issues and

statistical approaches apply to the estimation of the influenza burden on hospitali-

zation [10, 11, 49]. The various statistical approaches all attribute “excess” health

outcomes (deaths or hospitalizations) in winter months to influenza. Such seasonal

approaches are not suited to studying disease burden of influenza in countries with
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tropical climates because they require an annual seasonal pattern of viral activity

interrupted by influenza-free periods.

More recently, the US Centers for Disease Control and Prevention (CDC) has

used an approach to measure hospitalization and mortality burden based on a new

generation of seasonal regression models integrating laboratory surveillance data

on influenza and respiratory syncytial virus (RSV) [5, 11]. In such models, winter

seasonal increases in deaths or hospitalizations are directly proportional to the

magnitude of respiratory virus activity. In the USA between 1980 and 2001,

Thompson et al. [5, 11] estimated that seasonal influenza epidemics were associated

with 17 deaths per 100,000 on average (range 6–28 per 100,000) depending on the

severity of the circulating strains. Reassuringly, different model approaches, with

and without the quantification of the number of viral isolates, yield similar average

estimates of the influenza mortality burden in the USA [13, 50, 51]. Estimates from

Europe and Canada are similar to those from the USA [44, 52, 53]. Viral surveil-

lance data with the integration of hospitalization or death indicators are particularly

useful for the study of influenza in the tropics where there is less seasonality.

2.2 Age and Time Variability in Influenza-Related Mortality
in Temperate Climates

Influenza-related deaths contribute ~5% (range 0–10%) of all winter mortality in

persons over 65 years of age in the USA, with similar proportion in Italy and

Canada [12, 53, 54]. Seasons dominated by the influenza A/H3N2 subtype are

typically associated with 2–3-fold higher mortality than seasons dominated by A/

H1N1 and influenza B viruses from the 1980s to 2009. The pattern is not always

uniform; there have been influenza A/H3N2-dominated seasons with little excess

mortality (e.g., 2005–2006 northern hemisphere season). The age-specific risk of

influenza-related (excess) mortality rates rises sharply past age 65 years (Fig. 2).

People aged �80 years are at approximately 11-fold higher risk than people aged

65–69 years. Moreover, in recent decades about 90% of all influenza-related deaths

occurred among seniors �65 years, 75% occurred among seniors aged �70 years,

and 55% occurred among seniors over 80 years [12]. As the population in the USA

and other developed countries has aged substantially over the last decades, the

crude number of influenza-related deaths has been rising. Because the risk of

influenza-related death increases exponentially with age in the later decades of

life, it is essential to standardize for age when comparing mortality impact in

different countries and over time [12, 54].

2.3 Burden and Circulation Patterns of Influenza in the Tropics

Because most seasonal influenza models (“Serfling approaches”) depend on winter

seasonality in the data, they are not generally useful for tropical countries. However,
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such models can be used for unusually severe epidemics and pandemics, where the

excess disease burden is many fold greater than in average years [43]. Integration of

viral surveillance data with death or hospitalization indicators is the most useful

approach in tropical settings, although long-term historical surveillance data are

usually lacking [27]. A series of studies in Hong Kong and Singapore recently found

that annual influenza-related hospitalization and mortality rates in wealthy (sub)

tropical locations are similar to those in temperate countries [39–42]. In Hong Kong,

as in many other countries, the influenza is associated not only with pneumonia

outcomes but also with a wide range of chronic health conditions such as diabetes

and cardiovascular diseases [42]. In addition, influenza-related hospitalization rates

in Hong Kong vary with age as a U-shaped curve [41], in which young infants and

elderly people are at highest risk of severe outcomes, reminiscent of the age pattern

of epidemic influenza in the USA and other temperate countries.

The spread of influenza in the tropics has also proven to be an enigma. Influenza

seasonality in the southernmost temperate regions is 6 months out of phase with the

northern hemisphere. A study from Brazil found seasonal influenza activity starting

early in remote, less densely populated equatorial regions of the north (March–

April) and traveling in ~3 months to the more temperate areas of the south during

their winter season (June–July) [28]. This finding was contrary to what was

expected, given that the larger, well-connected, densely populated cities are located

in the south. If population movements were a driving factor like in the USA [14],

then the opposite traveling wave would have been expected. This study has inspired

further studies to investigate the circulation of specific influenza virus subtypes

during a season based on analysis of viral genomics data. Finding firm evidence of
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Fig. 2 Average age-specific rates of influenza-related excess deaths and hospitalizations for ten

seasons during 1990–2001 in the USA (estimated from Serfling regression models). Note the

characteristic U-shape of severe disease burden by age that characterizes seasonal influenza. Data

source: Vital Statistics from the National Center for Health Statistics (NCHS) and hospital

discharge data from Agency for Health Care Research and Quality (AHRQ)
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this unusual circulation pattern suggested from analysis of regional mortality data

also bears on considerations of use of southern or northern hemisphere vaccine

formulation and timing. Because of this study, Brazil is considering changing the

timing of vaccination in the north of Brazil to accommodate the early occurrence of

influenza in that area.

2.4 The Burden of Influenza in Infants and Young Children

For age groups other than those over 65 years of age, it can be difficult to measure

the relatively low seasonal impact of influenza mortality above the expected

baseline. However, for occasional severe seasons, a surge in P&I deaths can often

be seen in children and young adults. For example, the 2003–2004 season was

dominated by a new antigenic variant of A/H3N2 viruses (A/Fujian/2003) and was

unusually severe; in the USA, 153 children with documented influenza infections

died of primary or secondary pneumonia and sepsis [55]. Surprisingly, 47% of the

children who died had no known underlying risk conditions. The reason for this

unusual epidemic of pediatric deaths has not been resolved. As a result of this

experience, the CDC enhanced their influenza surveillance system with a reporting

system for children hospitalized with laboratory-confirmed influenza.

2.5 The Impact of Influenza on Morbidity

Very few quantitative data on mild influenza morbidity with known population

denominators are available. The most careful studies using the longest existing time

series come from the Royal Network of General Practitioners in the UK, which has

reported influenza-like illnesses on a weekly basis since 1966 [52, 56]. Such long-

term morbidity records are unique and have allowed the study of the 1968–1969

influenza pandemic transmission patterns based on case data [57]. In addition to the

UK, several countries have national sentinel surveillance systems in place (USA,

France, Netherlands, Australia, and New Zealand are examples). These are used to

detect the onset and peak timing of influenza epidemics, as well as the magnitude of

morbidity impact relative to surrounding seasons. In the USA, emergency room visit

time series are now being analyzed in the context of biodefense research and have

shed light on interannual and age-specific variability in influenza impact [25, 58].

In contrast, quantitative burden studies using samples of national hospital

discharge data and estimation approaches similar to those used for excess mortality

are more widely available, in particular since the 1970s [11, 49, 59, 60]. The

patterns of excess hospitalizations are quite similar to those of excess mortality,

with a U-shaped incidence reflecting the highest values in young children and

seniors (Fig. 2).

The Epidemiology of Influenza and Its Control 33



2.6 The Relative Contribution of Influenza and RSV

One controversy in the literature concerns the relative contributions of influenza

and RSV to the winter increase in respiratory hospitalizations and deaths, especially

among seniors. The current CDC modeling approach simultaneously estimates the

influenza and RSV burden by correlating periods of excess mortality with their

respective period and magnitude of viral activity [5]. In the overall US population,

the CDC investigators estimate that the average seasonal RSV burden is approxi-

mately one-third of that of influenza for all seasons during the 1990s. However, the

relative contribution of RSV and influenza varies greatly with age.

For US infants of <12 months of age, the RSV contribution to mortality is more

than twofold greater than that of influenza (5.5 vs. 2.2 deaths per 100,000) based on

the CDC model [5]. Above 5 years of age, mortality due to influenza predominates

in the US data, similar to the age pattern of respiratory deaths in the UK [61]. For

seniors over age 65, the CDC model estimates the average seasonal RSV burden at

~10,000 deaths, which is approximately one-third the estimated deaths attributed to

influenza over the same period. But others disagree; several observational studies

set in the UK by Fleming et al. [62, 63] have argued that RSV has replaced

influenza as the major cause of respiratory mortality and hospitalization, in partic-

ular in the elderly. Further, in a recent laboratory-based study set in a large cohort

of seniors hospitalized with pneumonia, twice as many hospitalizations were

attributed to RSV as influenza [64]. But because influenza-related pneumonia is

most often due to secondary bacterial infections (quite distinct from primary RSV

pneumonia) that occur long after the triggering influenza infection has been

cleared, it is possible that this study substantially underestimated the influenza

burden [65].

Two recent studies carefully delineated the relative burden of influenza and RSV

in children, using seasonality in pediatric respiratory hospitalizations and focusing

the analysis on seasons when the influenza and RSV epidemics occurred at different

times [39, 66]. The authors subtracted hospitalization rates during periods of high

influenza circulation from baseline “peri-influenza” winter periods when neither

influenza nor RSV was circulating (Fig. 3). Using this approach, the authors

attributed a similar number of hospitalizations to RSV and influenza in children

under 5 years in the USA [66]. In a parallel study from Hong Kong, investigators

attempted to delineate the burden of RSV, influenza, and other respiratory patho-

gens in various age groups in this subtropical setting with less clear seasonality

[39]. Although influenza burden estimates in Hong Kong were similar to those of

the USA in most age groups [27], children under 5 years appeared to have

approximately tenfold higher rates of hospitalization in Hong Kong than in the

USA [39]. Such large discrepancies may reflect true geographical differences in

influenza transmission and impact, although they are perhaps more likely to result

from differences in access to hospital care. Indeed, young children in Hong Kong

tend to be rushed to the hospital when they have respiratory symptoms (Malik

Peiris, personal communication).
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Finally, there are numerous studies on respiratory virus isolates from children

hospitalized with respiratory symptoms in tropical and subtropical settings. A

review of these studies attributes a substantial proportion of pediatric respiratory

hospitalizations to influenza A and B viruses [67]. Unfortunately, it is difficult to

compare findings across studies because they are often carried out using different

laboratory techniques and are set in different study years, seasons, and clinical

settings. These studies frequently present a systematic age pattern that suggests that

RSV is more important in infancy, with a gradual shift to influenza by about 5 years

of age as the pathogen more likely to cause severe respiratory illness.

2.7 Observational Transmission Studies

The transmission patterns of influenza were carefully documented in classic virus

surveillance studies that meticulously followed all respiratory illness episodes in a

large number of families in Cleveland, Ohio, Tecumseh, Michigan, Seattle, and

Washington in the 1950s through the 1970s [35, 68, 69]. Unfortunately, such

careful studies have not been repeated in contemporary populations, so little is

known about the consequences of increasing population movements and changes in

intrafamilial interactions. The result is that the existing mathematical models

employed to “forecast” the likely patterns and spread of a pandemic influenza

virus rely largely on parameter values of transmission and age group dynamics

that are decades old and may not reflect current realities.
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In parallel to careful family studies tracking the infection status of each individ-

ual, time series mortality data aggregated at the scale of cities, regions, or countries

can also be used as a proxy to estimate the transmissibility of influenza [16, 19, 20,

23, 24, 70–73]. Two crucial factors, the basic reproductive number, R0, and the

effective reproductive number, R, have been estimated for pandemic and epidemic

influenza. R0 measures the average number of secondary infections per primary

case for a new pathogen invading a fully susceptible population (e.g., a pandemic

influenza virus), whereas Rmeasures a similar quantity for a recurrent pathogen re-

invading a partially susceptible population (e.g., seasonal influenza virus). Current

estimates of R0 and R are in the range of 1.7–5.4 for pandemics and 1.0–2.1 for

seasonal influenza epidemics. While these estimates of transmissibility are not as

high as for other respiratory viruses (e.g., for measles R is ~15), the generation time

for influenza is relatively short, on the order of 2–4 days. Consequently, in a 60-day

period, there could be R(60/4) to R(60/2) infections.

Overall, the use of time series of population-level data (hospitalizations, mortal-

ity) in large populations has provided a more complete picture of the transmissibil-

ity of influenza through space and time. One study correlated mortality peaks in US

influenza seasons for the last 30 years with daily transportation data and found that

epidemics spread across the country in an average of about 6 weeks and that

transmission was correlated with adult work travel patterns [14].

2.8 Syndromic Surveillance and Its Contributions to Influenza
Epidemiology

Use of real-time syndromic surveillance data is another area with substantial

promise in influenza epidemiology. Information technology now allows for the

rapid compilation and analysis of electronic health records from emergency rooms,

inpatient hospitals, and outpatient clinics. Syndromic surveillance efforts have

already provided a new level of insight into age and geographic patterns of impact

of influenza epidemics. In particular, a recent study that combined time series

analysis of age-specific emergency room visits with laboratory-confirmed timing

of influenza and RSV periods in New York City demonstrated that the burden of a

contemporary influenza epidemic varies greatly at the level of age cohorts in

children and adults, perhaps as a consequence of different historical exposures to

influenza [25].

2.9 Influenza Genomics and Molecular Epidemiology

Phylogenetic and antigenic studies of influenza viruses have increased our under-

standing of the emergence and spread of new influenza drift variants both locally

and globally. Begun in 2004, the Influenza Genome Sequencing Project, as well as
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an increased number of sequences published by other contributors, has resulted in

the publication of over 80,000 influenza genes from isolates around the world

isolated from numerous species. These data have led directly to advances in

molecular influenza epidemiology [31]. Studies emerging from this project have

demonstrated a high frequency of gene segment reassortment in A/H3N2 viruses,

perhaps more frequent around the time of transition to new antigenic variants [30].

Specifically, one possible mechanism leading to the emergence of antigenic novelty

is reassortment between dominant and subdominant lineages of past seasons.

Further, each A/H3N2-dominated season features multiple genetically distinct

cocirculating lineages that may or may not have similar antigenic properties [32].

Studies of recent epidemics of A/H3N2 in New York City and New Zealand have

shown that next season’s viruses are seeded by importation either from the opposite

global hemisphere or from the tropics and that there is no preferred hemisphere

leading the circulation of viruses [74]. This rapidly emerging area of molecular

influenza epidemiology has increased our understanding of viral circulation pat-

terns around the globe, and the genesis and spread of drift variants.

3 Pandemic Influenza: Lessons from Historical Data

and Modeling

Historic experience with influenza pandemics in the twentieth century has been a

prelude to the current pandemic with the global spread of novel A/H1N1pdm virus

[75]. The three pandemics of the twentieth century – the 1918 A/H1N1 “Spanish

influenza,” the 1957 A/H2N2 “Asian influenza,” and 1968 A/H3N2 “Hong Kong

influenza” – were highly variable in terms of mortality impact (Table 1). The

catastrophic 1918 pandemic resulted in 0.2% to as much as 8% mortality in various

countries around the world and an estimated global mortality of ~50 million people

[76]. The relatively mild 1968 pandemic, however, was not appreciably worse than

Table 1 Mortality impact and patterns of three most recent pandemics, compared with the

contemporary impact of seasonal influenza

Pandemic and virus

subtype

Evolutionary history

(segments involved)

Approximate

global mortality

impact

Proportion of deaths in

persons <65 years of age

1918–1919 A(H1N1) All avian (all eight

segments)

~50 M ~95%

1957–1958 A(H2N2) Reassortant

HA þ NA þ PB1

~1–2 M ~40%

1968–1969 A(H3N2) Reassortant

HA þ PB1

~0.5–1 M ~50%

Contemporary H3N2

seasons

No shift – only

gradual genetic

drift

~0.5–1 M ~10%

HA hemagglutinin, NA neuraminidase, PB1 polymerase, M million
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other severe seasonal epidemics in terms of total influenza-related deaths, whereas

the 1957 A/H2N2 pandemic was moderately severe [15, 18]. As of September

2009, in the northern hemisphere autumn season, the impact of the A/H1N1

pandemic virus appears relatively mild, though it has an uncertain future of

mutating to a more virulent strain.

3.1 History Lessons from the Field of Archaeo-Epidemiology

Recent efforts to re-examine the 1918 Spanish influenza pandemic [77], as well as

that of later pandemics, have allowed for a more comprehensive view of pandemics

and highlighted their diversity in time and space. Historical vital statistics data have

been analyzed to provide a quantitative analysis of the last century’s three pan-

demics. For each of these pandemics, there was a quantitative and qualitative

change in the mortality patterns, as compared to seasonal influenza epidemics.

The shift of the mortality burden to younger ages has been a “signature” of each

pandemic and stands in marked contrast to the low mortality burden among young

people during typical influenza epidemics [15, 78]. This age shift was most

pronounced in the 1918 pandemic but occurred in all three pandemics for which

age group mortality data have been studied (Table 1; Fig. 4). During the initial

outbreak of the novel H1N1pdm virus (April 2009), a shift of morbidity and

mortality toward younger age groups was observed in Mexico [79] and remains a

characteristic of this virus.

Sero-archaeology studies of collections of serum from blood donors have been

informative about preexisting influenza antibodies and therefore indicate the past

circulation of historical pandemic viruses, even in tropical populations. These
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studies provide interesting pieces of the puzzle but have unfortunately fallen out of

fashion lately. For example, one collection of serum gathered before the 1968

pandemic showed that people born before 1892 had antibodies to the hemagglutinin

A/H3 antigen; this may partially explain the fact that seniors older than 77 years

were only at a decreased risk of death during that pandemic [15, 80]. In another

example, a sero-epidemiology study looking at influenza antibodies in a population

of women in Ghana following the 1968 pandemic showed that in the tropics, most

had become infected 5 years after the emergence of the A/H3N2 subtype [81].

A similar antigen recycling phenomenon may explain the low rates of morbidity

and mortality observed in people over the age of 50 years in the early months of

A/H1N1pdm virus circulation [79]. For almost all persons born from 1918 to 1957

(~52- to 91-year olds in 2009), the first exposure to an influenza A virus was to the

strains containing A(H1); those born from 1957 to 1968 (~41 to ~52) to A(H2);

those born since the 1968 pandemic (<41 years of age), most likely first saw A(H3).

Indeed, the A(H1) subtype was reintroduced in 1977 but rarely dominates [5],

suggesting that most people born after 1977 were first exposed to A(H3) viruses.

This is important because the concept of “original antigenic sin” postulates that the

first encounter with an influenza virus, likely in childhood, provides the strongest

immunity in later years [82]. Therefore, people born before 1957 may have the

greatest natural immunity to the currently circulating A/H1N1pdm pandemic virus

in 2009 [79].

Looking back to the 1918 A/H1N1 pandemic suggests that antigen recycling

may have also played a role and could partly explain the extreme case of mortality

age shift associated with this pandemic. In this pandemic, seniors were completely

spared, in stark contrast to the extreme mortality impact in the young adults, as

shown by age-specific mortality surveillance from New York City (Fig. 5) [17, 78].

This was further confirmed in an additional study of age-detailed mortality time

series from Copenhagen [22]. This phenomenon could be explained by immune

protection conferred by prior exposure (recycling) of an H1Nx virus in the late

nineteenth century. Alternatively, the atypical mortality spike in young adults in the

1918 pandemic may be explained by an unusual immune dysfunction causing a

“cytokine storm” [83, 84], which primarily affected young adults. These two

possibilities – recycling and immune pathology – cannot be resolved without

further experimental and epidemiological studies. This unfortunately leaves us

with a great unknown as we attempt to deal with the current pandemic: if the

pandemic virus contains a hemagglutinin antigen that has not previously circulated

in human populations – such as the current avian A/H5N1 virus in Asia – then the

recycling hypothesis would suggest seniors could be at great risk, as suggested by

one author [85]. In contrast, the immune pathology hypothesis suggests that

immune senescence might mitigate the full impact among seniors, leaving young

adults at highest risk of dying.

Comparative studies of pandemic influenza in multiple countries have revealed

many interesting insights. For example, a recent study used annual mortality data

from multiple countries to estimate the mortality burden of the 1918–1920 influenza

pandemic and uncovered substantial geographical differences in influenza-related
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mortality rates. The percentage of the population that died varied from 0.2% in

Scandinavia to 8% in some areas of India, representing a 40-fold difference in

mortality risk in these settings [76]. The underlying reasons for this substantial

variability are not well understood but might be revealed by additional historical

pandemic studies.

In a second example, analysis of excess mortality data from several countries put

a surprising spin on the 1968 pandemic [18]. An unexpected pattern of a “smolder-

ing” mortality impact in European and some Asian countries was revealed – a

relatively mild first wave of the emerging virus in the 1968–1969 season, followed

by a very severe 1969–1970 season. This is different from the classical impression

based on the North American experience that most of the impact occurs with the

first exposure to pandemic strains. It may be more common than previously thought

that the first wave of a pandemic virus results in low mortality, only to be followed

by a more dramatic impact a few months later. Indeed, this intriguing pattern was

not only observed in some countries during the mild 1968 pandemic but also

consistent with the herald wave experience in New York City and Scandinavia
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during the catastrophic 1918 pandemic [17, 22]. Further, historical mortality data

from the less-studied 1889–1892 pandemic in England also suggest a pattern of

successive pandemic waves where the first encounter was not the most lethal [86].

The reasons for this “smoldering” (or herald wave) pattern are still unknown and

may be partly related to on-going adaptation in newly emerged pandemic viruses

and preexisting population immunity.

3.2 Transmission Models Used to Predict Future Pandemic
Scenarios

Mathematical transmission models have been employed to simulate in detail the

possible spread of a new pandemic virus in a susceptible human population (e.g.,

[70, 71, 87, 88]). These models seek to predict the spatiotemporal dynamic of a

hypothetical pandemic virus and the effectiveness of intervention strategies such as

vaccination before an outbreak with a partially matched, low-efficacy vaccine,

distribution of antivirals for prophylaxis or treatment, school closure, case isolation,

and household quarantine. These models generally agree that a combination of

measures, if implemented early and with sufficient compliance, might bring about a

meaningful level of mitigation and substantially slow geographic spread.

Subsequent studies found that early, targeted, and layered use of nonpharmaceutical

interventions could greatly reduce the overall pandemic attack rate, provided the

intrinsic transmissibility (basic reproductive number, R0) of the emerging virus is

not greater than two [89–91]. Mathematical models can be useful to estimate the

potential impact of interventions assuming a wide range of parameters. Further-

more, they can prioritize research by highlighting the most sensitive and uncertain

parameters for a desired outcome. Simulation models currently used for pandemic

planning still need to be tested against real disease data, and for this we must

continue to gather data on influenza morbidity, mortality, and viral genetic

sequences in both pandemic and seasonal influenza scenarios [92].

3.3 Predicting the Impact of Pandemics

Until spring 2009, concern has focused on the highly pathogenic variant of A/H5N1

influenza that emerged in Hong Kong in 1997 and remerged in 2003. A/H5N1 has

now spread to avian populations in more than 30 countries. It is present endemically

in Southeast Asia, causing regular die-offs in poultry and wild birds, and occasion-

ally affects humans. As of August 31, 2007, the World Health Organization (WHO)

had counted 327 laboratory-confirmed H5N1 cases and noted a very high case

fatality of ~61% (http://www.who.int/topics/avian_influenza/en/ 2007). While

H5N1 continues to be an economic problem in Asia, Africa, Europe, and the Middle
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East, the critical question for public health is whether it will gain the ability to

effectively transmit among humans. This could occur in one of the two ways: by

gradual mutations of avian H5N1 viruses, or by reassortment with circulating

human influenza A viruses (H3N2 or H1N1), in humans or another animal. Several

comprehensive discussions of the threat of an avian influenza pandemic have been

published (e.g., [85, 93–96]).

There are still many uncertainties about the pandemic potential of the circulating

avian H5N1 virus, including its potential to effectively transmit between humans

and the evolutionary mechanisms that may concurrently affect its virulence. The

classical belief is that extremely pathogenic viruses are not well adapted to their

hosts – moribund patients do not transmit viruses as easily as those who remain

mobile. Further, the pathogenesis of novel pandemic viruses remains unclear, in

particular the proportions of severe disease caused by immune-mediated patholog-

ical responses, secondary bacterial infections (for which treatments exist), and

exacerbation of chronic illnesses. Modern medicine can mitigate some of the

pathological mechanisms and control secondary bacterial infections to a certain

extent; however, there is undoubtedly a different proportion of persons living with

chronic comorbid conditions now than was the case during previous pandemics.

Finally, we do not know the degree of cross-protection afforded by early exposure

to other influenza virus antigens [97]. If one simply applies the 1918 mortality

experience to today’s population, anywhere from 0.2% to 8% of a country’s

population could die, and the highest burden would be suffered by developing

countries [76].

The emergence of the H1N1pdm virus poses the threat of a potentially severe

pandemic in the months to come. Research efforts have intensified and a vaccine

has been developed, but many questions remain unanswered. We do not know

whether the H1N1pdm virus will reassort with seasonal influenza viruses. We do

not know what proportions of severe disease caused by immune-mediated patho-

logical responses, secondary bacterial infections, and exacerbation of chronic ill-

nesses it will cause nor do we know how well medical interventions will mitigate

the impact. In terms of mortality, although age groups with severe disease tend to be

under 60 years of age, there are more people living with comorbid conditions than

during previous pandemics. Thus, for the moment transmission dynamics, morbid-

ity and mortality impact, and the degree of immunity remain obscure.

4 Epidemiology and the Control of Influenza

Influenza vaccines were originally developed for use by the military and have been

shown to be highly effective in preventing infection in healthy adults [98]. Most

countries that use seasonal influenza vaccine have adopted a policy of targeting

influenza vaccination efforts to those at “high risk” of severe outcomes, including

those age 65 years and older, persons with certain chronic diseases and their close

contacts. Although current policy continues to emphasize vaccination of seniors,
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the “gold standard” evidence that this strategy effectively reduces influenza-related

mortality in that age group is not strong [99]. It has recently become evident that

influenza-related mortality has not decreased in at least some countries despite

major gains in vaccination coverage among people at highest risk [5, 12, 54, 100].

Because “gold standard” evidence from randomized clinical trials is scarce, epide-

miological tools and studies constitute the vast majority of the evidence base for

whether vaccination programs are beneficial. Paradoxically, observational studies

have consistently argued that about 50% of all winter deaths in seniors are pre-

ventable with influenza vaccination despite the relatively low immune response to

vaccine in this population [101].

4.1 The Scarce Evidence from Clinical Trials

Langmuir, who originally formulated the policy of targeting seniors and high-risk

population for vaccination, questioned whether the vaccine would really be effec-

tive in seniors who respond less vigorously to the vaccine than younger adults

[102]. Only a single randomized placebo-controlled clinical trial set in young

healthy seniors is available. It showed that vaccination effectively prevents influ-

enza illness in seniors aged 60–69 years but could not document significant benefits

in seniors �70 years [103]. The authors expressed concern that their nonsignificant

finding of 23% efficacy in seniors �70 years old indicated immune senescence

(a decline in immune response with age), although they also noted limitations on

the statistical power of their study to address this question. As both T-cell and

B-cell responses are impaired in older individuals, it is plausible that the vaccine

antibody response to the drifting influenza viruses and vaccine components is less

vigorous in seniors [104]. Consequently, immunologists have long perceived a need

for more effective vaccine formulations for this population, including the need for

adjuvants and a move back to whole-cell vaccine products. The recent emergence

of novel avian strains and development of vaccines against them has reopened

many of the discussions of immunogenicity and correlates of protection.

4.2 Evidence from Observational Studies

In the near-absence of randomized clinical trials, these cohort studies have long

provided the evidence base that supports influenza vaccine policy. Paradoxically,

the concerns about immune senescence and vaccine failure have existed in parallel

with cohort studies reporting extraordinarily large mortality benefits in vaccinated

seniors [105–107]. In these studies, comparison of vaccinated and unvaccinated

seniors indicates that vaccination could prevent fully 50% of all deaths among

during winter months, implying that influenza causes half of all winter deaths

among seniors. Instead, meta-analyses consolidated the findings and produced
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estimates with tight confidence intervals. But only about 5% of all winter deaths can

be attributed to influenza in an average season according to excess mortality studies

[5, 12, 54]. Even in the 1968 A/H3N2 pandemic and in more recent seasons such as

1997–1998, when the vaccine was completely mismatched to the new circulating

variant of A/H3N2, the proportion of all deaths attributed to influenza never

exceeded 10% of all winter deaths among seniors [12].

A few researchers subsequently addressed this paradox directly and investigated

the possibility that unrecognized bias has led the majority of cohort studies to

systematically overestimate influenza vaccine benefits. In 2006, two published

reports clearly demonstrated that the senior cohort study findings are largely a

result of systematic mismeasurements [108, 109]. First, they showed that the

greatest mortality reductions occurred in early winter before influenza ever circu-

lated and were not specifically associated with the peak influenza period. Second,

they showed that the analytical adjustment techniques typically used in cohort

studies actually magnified the mismeasurement rather than reducing it. The authors

concluded that the magnitude of the unadjusted bias detected was sufficient to

account entirely for the observed benefit of 50% mortality reduction during the

entire winter period. This problem in the evidence base was also highlighted in a

recent Cochrane review and an editorial [106, 110]. The source of bias may be a

subset of frail seniors who are undervaccinated in the fall months for that season

and subsequently contribute substantially to mortality in the early winter months

[99]. Studies have substantiated that frail elderly are indeed vaccinated less often

than their healthy peers [111, 112]. Controlling for these biases yields far more

modest estimates of mortality reductions [113].

In summary, the emerging picture is a mixture of that residual selection bias,

counter-productive adjustment efforts, and low-specificity endpoints has led to

systematic overestimation in virtually all cohort studies published over the last

decades. Adjustments for selection bias may be possible, but only if high specificity

endpoints are studied. Beyond that, a commonly agreed set of standards for carrying

out and reporting observational studies that includes a framework for detection of

bias would be helpful. Also, previously published observational studies could

undergo reanalysis, guided by such expectations as that vaccine benefits should

be highest in peak influenza periods and for well-matched influenza vaccines. We

have recently proposed such a framework [99].

4.3 Revisiting the Evidence Base Supporting Strategies
for Protecting Populations with Vaccine

If we discount the biased cohort studies, the remaining studies suggest that the

benefits of the vaccine are in fact much less than previously thought to be –

probably lower than 30% in seniors >70 years of age. This assessment is based

on the “gestalt” of results from the randomized placebo-controlled clinical trial
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described earlier [103], a nested case–control study using laboratory-confirmed

endpoints from an RSV study [64, 65], and the excess mortality studies showing

little decline in mortality as vaccine coverage rose [12, 54]. None of these studies

are conclusive, but if these findings hold up in future studies, then there is ample

room for improvement of influenza vaccines, including better vaccine formulations,

adjuvants, or higher doses or combinations of live and killed vaccine doses

[114–116].

Japan is the only country that has implemented a policy of vaccinating school

children, with a strategy of reducing transmission in the community and thereby

indirectly protecting high-risk populations. Although Japan abandoned this policy

in 1994, an excess mortality study found evidence that it was associated with

substantially reduced excess mortality in elderly people for the decades it was in

place [117] (Fig. 6). Other studies have examined the value of inducing greater herd

immunity based on local community trials or mathematical models [118–121], but

unfortunately none have thus far proved conclusive enough to extend the policy of

school children vaccination nationally. To fully investigate the indirect benefits of a

school children vaccination program, it would be necessary to conduct a large

cluster-randomized study across the country; such a study has been proposed but

has not yet been undertaken [122].

4.4 Vaccines for the Control of Pandemic Influenza

Prior to spring 2009, a great deal of effort had been expended to develop and

clinically test several types of vaccines against H5N1 influenza, including inacti-

vated, live-attenuated, and DNA vaccine preparations. Several countries had stock-

piled million doses of “prepandemic” inactivated vaccines based on H5N1 strains.

Fig. 6 Herd immunity and influenza vaccination. Encouraging evidence from the Japanese

experience of vaccinating school children between 1964 and 1996. The graph compares the

different phases of the vaccination program with baseline total death rates, rates of excess deaths

from all causes and pneumonia and influenza, in Japan, 1950–1998. Adapted from Reichert et al.

[117, 122]
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During May to August, 2009, a first vaccine against the H1N1pdm virus has been

developed with plans to vaccinate populations in the northern hemisphere autumn

months. National planning documents have set forth priorities for how to deploy an

effective vaccine as it becomes available, and detailed logistical plans have been

laid for vaccine distribution. WHO and national pandemic plans are reviewed in

Uscher-Pines et al. [123].

But uncertainties abound. We still do not know which age groups will be most at

risk, although a shift in mortality toward younger people is very likely. Whether this

shift will put young adults at greatest absolute risk (as was the case in 1918–1919),

or just higher relative risk (as in 1957–1958 and 1968–1969), cannot be predicted.

Although effective vaccines against H1N1pdm have already been developed and

are being manufactured in large quantities, just how quickly the billions of doses

required to vaccinate a substantial portion of the world’s population will be

available is unknown. Resource-poor countries fear that they will be able to obtain

vaccine for their populations only after wealthy countries have covered their own –

a fear that had already exacerbated tensions over sharing of H5N1 data and samples

[124]. For all these reasons, it is not clear that policy makers’ hopes that vaccines

will play a major role in limiting the global impact of the next pandemic will be

realized.

5 Remaining Questions in Influenza Epidemiology

and Considerations About the 2009 Pandemic

Many unsolved questions about influenza epidemiology remain [86, 125–127].

Solving these riddles will depend on the successful integration of many separate

fields, including immunology, phylogenetics, virology, and clinical ascertainment.

Exciting progress has recently been made in areas where mathematical modelers

and phylogenetic researchers have entered the influenza field [29, 31, 128, 129].

This cross-fertilization has, for example, produced useful new findings in molecular

influenza epidemiology, which may in turn lead to improved tools for the selection

of vaccine strains [130].

Regarding pandemic influenza, for more than a decade the world had been

bracing for a pandemic emerging from an avian H5N1 virus. Preparedness efforts

anticipated that a pandemic would likely originate in Asia and focused strongly on

surveillance of wild and domestic birds. Instead, the pandemic H1N1pdm virus

emerged in Mexico, displaying a complex evolutionary lineage drawn from gene

segments found in human, avian, and swine populations.

Fortunately, the H1N1pdm pandemic has thus far proved to be relatively mild,

and the mortality impact of the summer 2009 northern hemisphere wave was not

severe. Unlike seasonal outbreaks, however, the mortality and morbidity patterns of

H1N1pdm show the “signature age shift” typical of influenza pandemics. Adults

aged 20–50 years are at highest risk of severe morbidity and mortality [79], whereas
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children experience high rates of illness but relatively few severe outcomes. Seniors

are largely spared from both illness and death, perhaps because of childhood

exposure to H1N1 viruses circulating during 1918–1956.

Taken together, these features – a mild summer wave with elevated mortality in

young adults and sparing of seniors – resemble the first wave pattern of the 1918

pandemic in the USA [17] and Europe [22]. Of note, morbidity impact in the first

wave varied a great deal among US cities and regions [131]. For example, about 7%

of New Yorkers have experienced influenza-like illness during the early weeks of

the epidemic May 1–20, 2009, based on a phone survey [132], whereas other cities

experienced little or delayed elevation of influenza-like illness [131]. Such spatial-

temporal heterogeneity in timing of local epidemics remains unexplained.

Southern hemisphere countries, however, had the first encounter with the

H1N1pdm virus under typical winter conditions. Reports from Argentina, New

Zealand, and Australia suggest that pandemic impact is heterogeneous. Argentina

experienced an emergency situation with severe overcrowding in hospitals and

intensive care units, whereas New Zealand or Australia experienced no more than

the equivalent of a severe A/H3N2 seasonal influenza epidemic [133]. Such varia-

bility between countries occurred during the 1918–1920 pandemic and was attrib-

uted to differences in access to care and overall mortality risk among developing

countries [76]. In this on-going outbreak, however, it is still too early to quantify

differences in disease burden with precision.

The case fatality rate is a key indicator of the severity of the H1N1pdm pandemic

and an important decision parameter for determining pandemic response. But it is

difficult to make an accurate estimate early in a pandemic. Because most H1N1pdm

cases are not confirmed by laboratory testing and therefore not included in the

“confirmed” tally, the case fatality rate tends to be greatly overestimated. In New

Zealand, a combined strategy integrating epidemiological surveillance and model-

ing led to a case fatality rate estimate of 0.005% [134], far lower than earlier

estimates based on early data from Mexico [135] and lower than the typical

seasonal case fatality rate of ~0.2%. It is important to consider that while the case

fatality rate – and perhaps even the total number of H1N1pdm-related deaths – may

be lower than in a typical seasonal influenza epidemic, the higher proportion of

deaths occurring in young adults results in a much higher burden of life years lost

than in a typical influenza season, where 90% of deaths occur in those over 65 years

of age [12].

Even though the similarities in the epidemiology of H1N1pdm and the 1918

pandemic are worrisome, as of September 2009, the pandemic is still relatively

mild. We simply cannot know whether the virus will cause more severe waves in

the coming months and years. A likely challenge will be the constant, dynamic real-

time reassessment of benefit/risk of vaccinating atypical target groups during a

pandemic. While policy makers plan to target vaccines to various groups, the

perceived benefits from individuals will be based on severity of illness and real or

temporally associated adverse reactions identified through surveillance and the

media. Rapid reassessments of risks and benefits will be crucial for the viability

of a vaccination program.
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One impending question regarding vaccines, however, is whether the H1N1pdm

virus will replace either or both of the influenza A viruses that had been circulating

previously, H3N2 and H1N1. If all three cocirculate in the next season, the new

H1N1pdm could be added as a component in the seasonal vaccine. But even if the

new H1N1pdm thoroughly dominates the 2009–2010 season in one country, the other

subtypes should probably still be included until the long-term pattern becomes clear.

For example, it is not unusual for influenza A/H3N2 viruses to account for >99% of

influenza specimens isolated in a country on a given year, only to become uncommon

the next year, when seasonal A/H1N1 or influenza B virus might dominate. To avoid

dropping any component too soon, it will be necessary to track subtype distribution

globally over at least a few years. If history is a guide, as immunity builds up in

younger population, the H1N1pdm virus will cause seasonal epidemics, with a

proportionate shift in mortality to the older age groups.

Whatever the scenario, the epidemiological characteristics of a pandemic

directly affect the ethical principles that should be invoked when allocating limited

vaccine doses [136, 137]. For that reason, it is absolutely essential that real-time

surveillance data from the early phase of a pandemic continue to be freely shared

and rapidly interpreted to determine who is at risk and where scarce resources such

as pandemic vaccine and antivirals could best be used. Moreover, pandemic

planners should build sufficient flexibility into their plans to allow rapid shifts in

planned control strategies, as key epidemiological insights hopefully become avail-

able in the early pandemic phase. Continued influenza surveillance efforts in

temperate and tropical regions, combined with international sharing of epidemio-

logical and viral sequence data, are our best hope for limiting the impact of current

and future influenza pandemics.
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