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GLOBAL EPIDEMIOLOGY OF INFLUENZA:
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Abstract Pandemics are the most dramatic presentation of influenza. Three have
occurred in the twentieth century: the 1918 H1N1 pandemic, the 1957 H2N2 pan-
demic, and the 1968 H3N2 pandemic. The tools of molecular epidemiology have been
applied in an attempt to determine the origin of pandemic viruses and to understand
what made them such successful pathogens. An excellent example of this avenue of
research is the recent phylogenetic analysis of genes of the virus that caused the
devastating 1918 pandemic. This analysis has been used to identify evolutionarily
related influenza virus genes as a clue to the source of the pandemic of 1918. Molec-
ular methods have been used to investigate the avian H5N1 and H9N2 influenza
viruses that recently infected humans in Hong Kong. Antigenic, genetic, and epide-
miologic analyses have also furthered our understanding of interpandemic influenza.
Although many questions remain, advances of the past two decades have demon-
strated that several widely held concepts concerning the global epidemiology of influ-
enza were false.

VIROLOGY AND THE MUTABILITY
OF INFLUENZA VIRUSES

Influenza viruses are enveloped viruses of the family Orthomyxoviridae that con-
tain a segmented RNA genome. Of the three types of influenza viruses, A, B, and
C, the first two are associated with significant seasonal morbidity and mortality.
Influenza A and B viruses were first isolated in 1933 and 1940, respectively (1,
2). Influenza A viruses can be subtyped according to the antigenic and genetic
nature of their surface glycoproteins; 15 hemagglutinin (HA) and 9 neuraminidase
(NA) subtypes have been identified to date. Viruses bearing all known HA and
NA subtypes have been isolated from avian hosts, but only viruses of the H1N1,
H2N2, and H3N2 subtypes have been associated with widespread epidemics in
humans. Influenza A viruses of particular subtypes have also been isolated from

*The US government has the right to retain a nonexclusive, royalty-free license in and to any copyright covering
this paper.
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408 COX n SUBBARAO

a variety of animal species, such as H1N1 viruses from swine and H3N8 from
horses. Different subtypes have not been identified among influenza B viruses.

The long-term epidemiologic success of influenza viruses is primarily due to
antigenic variation that takes place in the two surface glycoproteins of the virus,
the HA and NA. Antigenic variation renders an individual susceptible to new
strains despite previous infection by influenza viruses or previous vaccination.
Variation in influenza A and B viruses is caused by the accumulation of point
mutations in the HA and NA genes (antigenic drift). During antigenic drift, a
variety of mutations including substitutions, deletions, and insertions produce
genetic variation in influenza viruses. These mutations occur because a viral RNA
polymerase that lacks proofreading activity transcribes the influenza genome.
Thus, nondeleterious errors that occur during genome replication may be pre-
served and subsequently amplified if conditions favor their survival. It appears
that these genetic changes often encode amino acid changes in the surface proteins
that permit the virus to escape neutralization by antibody generated to previous
strains. Recent statistical analyses of HA sequence data have provided convincing
evidence that positive Darwinian selection operates on antigenic sites in the HA
(3, 4).

A second type of variation, antigenic shift, occurs only among influenza A
viruses and describes a major antigenic change whereby a virus with a new HA
(with or without other accompanying gene segments such as a new NA) is intro-
duced into the human population. Antigenic shift occurs in at least two ways. It
may occur when an animal or avian influenza A virus is transmitted without
reassortment from an animal reservoir to humans or when a progeny virus with
a new HA (with or without a new NA) arises as a result of genetic reassortment
between animal and human influenza A viruses.

THE ECOLOGY OF INFLUENZA A VIRUSES

Avian species, specifically shorebirds and waterfowl, are a reservoir of influenza
A viruses of different subtypes in nature (reviewed in 5). With a few notable
exceptions, influenza infections in these hosts are asymptomatic and are limited
to the gastrointestinal and/or the respiratory tract (5). Influenza viruses infecting
these hosts appear to be in evolutionary stasis compared with those infecting
humans (6). High titers of influenza viruses are excreted from the gastrointestinal
tract of infected birds, and viruses excreted into bodies of water can survive for
several weeks (7). There is a recurring supply of susceptible birds each season
and up to 30% of juvenile birds are infected (8). The viruses spread to other
susceptible avian species, such as turkeys, presumably through contamination of
water in the farms along the flyways of migratory bird populations (9, 10). Viruses
that are apathogenic for shorebirds or waterfowl can be pathogenic for certain
other avian species. For example, influenza A H5N1 viruses isolated from humans
and chickens in Hong Kong in 1997 were highly pathogenic for chickens, and
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GLOBAL EPIDEMIOLOGY OF INFLUENZA 409

although they replicated to low titer in experimentally infected ducks, they did
not cause disease signs in these birds (11). The viruses isolated from ducks in the
market were lethal for experimentally inoculated chickens (11). Alternatively, a
previously avirulent influenza virus can acquire specific sequence changes, such
as losing potential glycosylation sites or gaining multiple basic amino acid
sequences in the connecting peptide of the HA, that confer virulence (12).

Avian influenza A viruses have been isolated from seals (13), whales (14),
horses (15), and pigs (16). Sialic acid is the receptor for influenza viruses; the
viral HA binds to the receptor. Avian and mammalian influenza viruses prefer-
entially bind sialic acid molecules with specific oligosaccharide side chains with
a2,3 and a2,6 linkages, respectively. Receptor specificity is thought to be an
important determinant of host range. Reports of natural human infections with
avian influenza viruses have been rare (with the notable exception of the 1997
Hong Kong H5N1 outbreak), and experimental infections have been difficult to
achieve (17), leading to the view that avian influenza viruses are limited in their
ability to replicate in human hosts. It was believed that avian influenza A viruses
would have to acquire one or more genes from a human influenza A virus in
order to cross the species barrier. The tracheal epithelium of pigs bears sialic acid
molecules with both a2,3 and a2,6 linkages to galactose that can be infected with
avian as well as mammalian influenza A viruses (18). Pigs that were simulta-
neously infected with avian and mammalian influenza A viruses were therefore
proposed to be the intermediate hosts in which genetic reassortment would take
place, giving rise to novel influenza A viruses with pandemic potential (19, 20).

Humans can be infected with swine influenza A viruses. Such infections are
usually sporadic and tend to occur in individuals who are exposed to infected
pigs (21). The infections can be severe, particularly in pregnant women (22) and
immunocompromised hosts (23). Swine influenza infections rarely spread from
person to person. A historic exception occurred on a military base in New Jersey
in 1976, when a limited influenza outbreak was caused by a swine influenza A
virus that was transmitted from person to person. One person died during this
outbreak and several hundred infections were suspected, based on serosurveys of
recruits. However, the outbreak did not spread (24).

MORTALITY ASSOCIATED WITH INFLUENZA

Increased mortality during influenza epidemics results not only from pneumonia
and influenza but also from cardiopulmonary and other chronic diseases that can
be exacerbated by influenza (25, 26). Quantification of deaths caused by influenza
is complicated by the fact that death certificates may fail to list influenza as a
primary, underlying, or contributory cause of death because a laboratory diagnosis
was not made. Therefore, calculations of influenza-associated excess mortality
(number of deaths above a statistical baseline of expected deaths) have been based
both on excess deaths from pneumonia and influenza and on excess deaths from
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410 COX n SUBBARAO
%

Figure 1 The age distribution of deaths in the United States associated with the three influenza
pandemics of the twentieth century and the interpandemic seasons that followed each pandemic.
(Reproduced with permission from Reference 27.)

all causes. Although excess mortality occurs primarily in the elderly, it can occur
in all age groups, particularly among individuals who are at increased risk for
complications of influenza.

Although the absolute number of deaths does not always distinguish a pan-
demic from severe nonpandemic seasons, the age distribution of influenza-related
deaths has dramatically distinguished pandemics from the interpandemic seasons
immediately preceding them. Persons under 65 years of age accounted for half
of the influenza-related deaths in the United States during the 1968–1969 influ-
enza pandemic, but far smaller proportions during the decades following the pan-
demic. A similar pattern was seen in the United States for all three pandemics of
this century (Figure 1) (27). Thus, younger persons were at a 20-fold elevated
risk for influenza-related mortality during a pandemic, whereas the elderly faced
approximately the same risk during a pandemic as during later severe interpan-
demic seasons dominated by the same virus subtype.

GLOBAL EPIDEMIOLOGY OF INTERPANDEMIC
INFLUENZA

Global influenza surveillance indicates that influenza viruses are isolated every
month from humans somewhere in the world. In temperate regions, influenza
activity peaks during the winter months. In the Northern Hemisphere, influenza
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GLOBAL EPIDEMIOLOGY OF INFLUENZA 411

outbreaks and epidemics typically occur between November and March, whereas
in the Southern Hemisphere, influenza activity occurs between April and Septem-
ber. In tropical regions, influenza can occur throughout the year.

Although the epidemiology of influenza has been studied for many years,
certain features—such as its seasonality, the precise mechanism for the emergence
of new variants, and the factors that influence the spread of the disease—are not
well understood. It is, however, generally accepted that influenza viruses are
spread primarily by small-particle aerosols of virus-laden respiratory secretions
that are expelled into the air by infected persons during coughing, sneezing, or
talking. It is also generally accepted that direct person-to-person spread is the
mechanism for maintenance of influenza viruses in the human population. There
is no conclusive evidence for reintroduction of influenza viruses from latently or
persistently infected individuals.

Global surveillance of influenza viruses has shown that antigenic variation and
the consequent epidemiologic behavior of influenza A viruses follow a relatively
uniform pattern. Each successive antigenic variant replaces its predecessor such
that the co-circulation of distinct antigenic variants of a given subtype occurs for
relatively short periods. During the past decade, new epidemic variants of influ-
enza often are first detected in China before they spread to other locations (28,
29) (Figure 2).

An epidemic of influenza is an outbreak of disease in a circumscribed location,
which may be a community, a city, or an entire country. Localized epidemics
within a community often have a characteristic pattern in which the epidemic
begins abruptly, peaks within 2 to 3 weeks, and has a total duration of 5 to 10
weeks (30). The spread of influenza through a community typically causes large
increases in medical visits for febrile respiratory disease (31). During average
epidemics, overall attack rates are estimated to be 10–20%, but in certain sus-
ceptible populations such as schoolchildren or nursing home residents, attack rates
of 40–50% may occur.

Studies conducted during both pandemic years and interpandemic periods
demonstrate that age-specific attack rates are often highest among schoolchildren
(32). Family studies conducted in Houston (30, 33) and Seattle (34) documented
age-specific attack rates during various epidemics during the 1970s and 1980s.
Both studies demonstrated high rates of infection in school-age children and the
importance of schoolchildren as vehicles of infection within families; however,
the overall attack rates (24/100 people in Seattle and 33/100 people in Houston)
and the age-specific rates in these two family studies differed somewhat. In the
Houston study, the incidence of influenza among individuals in families with
schoolchildren (38.5%) was more than double that in families without children
attending school or day care. Furthermore, the Houston study demonstrated that
the age distribution of culture-positive patients changes during the course of the
epidemic. Initially, schoolchildren were culture positive, followed by a shift to
preschool children and adults during the latter part of the epidemic (31). As a
consequence, school absenteeism was often followed by employee absenteeism
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412 COX n SUBBARAO

during the influenza epidemics studied. Hospitalizations and influenza- and pneu-
monia-related deaths among the elderly often occurred during the latter part of
the epidemic.

Epidemics that occur during interpandemic intervals are variable in size but
are almost always smaller than those that follow introduction of a new virus
subtype. The size of epidemics and their impact reflect the interplay between the
extent of antigenic variation of the virus, the extent of immunity in the population,
and the population groups that are most affected in a given year.

HISTORY OF INFLUENZA PANDEMICS OF THE
TWENTIETH CENTURY

Descriptions of epidemics and pandemics of respiratory disease with character-
istics suggestive of influenza have been recorded for over four centuries. The
rapid, global spread of pandemic influenza may be a relatively modern devel-
opment related to increases in population and the growth of transportation systems
necessary for the global transmission of the novel virus. Animals may have played
a crucial role in past influenza epidemics as well as in modern pandemics. Out-
breaks of respiratory disease among horses were recorded concurrently with out-
breaks in humans during the eighteenth and nineteenth centuries, and in recent
years it has been suggested that swine and birds are prominently involved in the
generation of influenza pandemics.

1918–1919 Spanish Influenza A H1N1

The geographic origin of the virus that caused the pandemic of 1918–1919 is
controversial. Some historians suggest that the virus originated in China; others
suggest that it began circulating in March 1918 in midwestern US military camps.
Subsequent outbreaks and epidemics of influenza with unprecedented virulence
occurred almost simultaneously in North America, Europe, and Africa in August
1918 (35). This “second wave” of epidemic activity peaked by the end of October
but was followed by yet another wave of disease in midwinter. Illness rates of
nearly 40% were reported among schoolchildren during the autumn wave in the
United States (36). For reasons that are not understood, the 1918 influenza A
H1N1 pandemic was particularly severe. It caused many more deaths, particularly
among young adults, than did the two subsequent pandemics of this century, even
though the overall attack rate and the age distribution of cases in the 1918–1919
pandemic were not dramatically different from those observed during other pan-
demics (reviewed in 32).

Pathologic findings in fatal cases of “Spanish” influenza were variously
described as acute inflammatory pulmonary edema, hemorrhagic pneumonitis, or
pneumonia with acute hemorrhagic edema. Cyanosis of the skin was noted, par-
ticularly around the face, neck, and fingers, and the mouth and nares frequently
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GLOBAL EPIDEMIOLOGY OF INFLUENZA 413

contained a brownish or reddish fluid. Thoracic cavities of victims contained
varying amounts of light brown or yellow to dark red fluid. Lungs at postmortem
were often large and distended, with the lower lobes most often affected. Dark,
bloody, frothy fluid often poured out when lungs were sectioned (37). Many other
patients succumbed to secondary bacterial infections and died with typical bac-
terial pneumonia (35).

1957–1958 Asian Influenza A H2N2

The Asian influenza pandemic of 1957 began in February in the southern Chinese
province of Guizhou (formerly Kweichow). It spread in March to Hunan Province
(formerly Yunan Province) and in April to Singapore and Hong Kong (38). The
causative agent, an influenza A H2N2 virus, was first isolated in Japan in May
1957. This pandemic virus possessed completely different HA and NA antigens
from the formerly circulating H1N1 viruses and rapidly spread worldwide by
November 1957.

Although H2N2 viruses were first isolated in the United Kingdom and the
United States in June or July of 1957, peak incidence of influenza caused by the
new pandemic strain did not occur until October. This first wave of disease in
both countries was followed by a second wave in January 1958; both waves were
accompanied by excess mortality. The highest attack rates during this pandemic,
.50%, occurred in children aged 5–19 (32). Total influenza-associated excess
mortality during this pandemic was estimated at 69,800 (39).

1968 Hong Kong Influenza A H3N2

Viruses causing the influenza A H3N2 pandemic were first isolated in Hong Kong
in July 1968. These viruses had a different HA but shared the N2 NA with
previously circulating H2N2 viruses. Widespread disease with increased excess
mortality was observed in the United States during the winter of 1968–1969, but
in some other countries, including the United Kingdom, an epidemic did not occur
until the winter of 1969–1970. Attack rates were highest (40%) among 10- to 14-
year-old children. Total influenza-associated excess mortality for this pandemic
was estimated at 33,800 in the United States (39). Many experts believe that the
severity of the Hong Kong pandemic was reduced because much of the population
had antibody to the N2 surface protein, which may have moderated the severity
of infections.

Though not considered a true pandemic, the reemergence of influenza A H1N1
viruses in 1977 has had a significant influence on the epidemiology of influenza
in recent years. The first outbreaks of disease were recorded in Tianjin (formerly
Tientsin), China in May 1977 (reviewed in 38). These H1N1 viruses were nearly
identical, both antigenically and genetically, to influenza H1N1 viruses that
had circulated widely during the early 1950s. They spread to other parts of Asia
and reached Russia by November 1977, then spread to Europe, North America,
and the Southern Hemisphere. Attack rates of over 50% were observed among

A
nn

u.
 R

ev
. M

ed
. 2

00
0.

51
:4

07
-4

21
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

B
ou

rn
em

ou
th

 U
ni

ve
rs

ity
 o

n 
03

/2
8/

20
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



414 COX n SUBBARAO

- Isolation of A/Beijing/353/89-like virus, Nov. 1989

- China, Hong Kong

- China, Singapore, India, South Africa, Australia, New Zealand

- Japan, Korea, Thailand, India, USA, Canada, Europe

- Epidemic Level Activity USA, Canada, Europe; Sporadic Isolates Worldwide

Nov 89-Mar 90

Apr 90-Sep 90

Oct 90-Mar 91

Apr 91-Mar 92

Figure 2 The emergence and spread of A/Beijing/353/89-like (H3N2) viruses, 1989–
1991. Source: Centers for Disease Control and Prevention, Atlanta, GA.

schoolchildren, but illness occurred almost exclusively among persons younger
than 20 years of age because older individuals had antibodies from their previous
exposure to nearly identical viruses.

ORIGIN OF THE PANDEMIC STRAINS OF THE
TWENTIETH CENTURY

The objectives of molecular analysis of the strains of influenza that initiate pan-
demics are to determine where the virus came from and what made it so lethal.
Phylogenetic analysis has identified evolutionarily related genes as a clue to the
source of the virus. The initial focus is usually on genes that are thought to play
a role in host range and pathogenesis.

The influenza pandemic of 1918–1919 is a matter of great interest to scientists
and physicians because it was associated with several unique clinical features and
took a devastating toll on human life worldwide. Serologic studies of individuals
who had survived the pandemic and those born after it provided evidence that
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GLOBAL EPIDEMIOLOGY OF INFLUENZA 415

the virus that caused the pandemic was an H1N1 virus (40). However, the origin
of the virus was a mystery until recently because the pandemic predated the first
successful isolation of influenza viruses.

Reid et al (41) have recovered viral RNA from formalin-fixed, paraffin-
embedded tissues of two soldiers who died in 1918 and from a body exhumed
from a mass grave in the permafrost of Alaska in 1918 (41). The first “case” was
a 21-year-old male from South Carolina who was admitted to a hospital on Sep-
tember 20, 1918, with a diagnosis of influenza and pneumonia. He had a pro-
gressive clinical course with cyanosis and died six days later. Autopsy revealed
lobar bacterial pneumonia of the left lung and focal acute bronchiolitis and alveo-
litis in the right lung, consistent with primary influenza pneumonia. The second
“case” was a 30-year-old male from New York, who was admitted with a diag-
nosis of influenza on September 23, 1918, had a very rapid clinical course and
died of acute respiratory failure three days later. Autopsy revealed massive bilat-
eral pulmonary edema and focal acute bronchopneumonia. Fragments (120–200
nucleotides long) of influenza genes were recovered by reverse transcription and
polymerase chain reaction (RT-PCR) using RNA extracted from the formalin-
fixed, paraffin-embedded lung tissues of these two cases. The third “case” was
that of an Inuit female of unknown age whose body was buried in the permafrost.
Although there are no case records available regarding her illness and death,
historical records indicate that influenza struck her village in November 1918,
killing 72 people (85% of the adult population) in five days. Histologic exami-
nation of in situ biopsies of frozen lung tissues revealed acute massive pulmonary
hemorrhage and edema; fragments of influenza genes were recovered from RNA
extracted from the biopsy material.

Analyses of the nucleotide sequences of the fragments amplified from the first
case indicate that each of the four genes examined was more closely related to
the corresponding genes of mammalian influenza viruses than to those of avian
influenza viruses (42). HA gene sequences from each of the three cases have been
generated using up to 22 overlapping fragments and have been designated A/
South Carolina/1/18, A/New York/1/18, and A/ Brevig Mission/1/18, respectively
(41). Further sequence analysis of the other genes is in progress (41).

Phylogenetic analysis of available H1 HA genes demonstrates three distinct
clades (human, avian, and swine), which correspond to the sources of the viruses.
The 1918 HA sequences are related to mammalian viruses and are placed at or
near the root of the human and swine clades. The 1918 HA sequences are phy-
logenetically distinct from those of available avian viruses, although they resem-
ble the avian consensus sequences in functionally important parts of the HA gene,
such as antibody binding sites, glycosylation sites, and the receptor binding site.
Plotting the total number of nucleotide changes against the year of isolation, Reid
et al (41) suggest that an ancestor of the 1918 H1N1 virus entered the human
population around 1915; a similar analysis using amino acid changes identifies
this date as 1900. However, limitations of the available data set could have
affected the outcome of the phylogenetic analysis. No human H1 HA sequences
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416 COX n SUBBARAO

are available for viruses circulating between1918 and 1933, and there are only a
limited number of these sequences from viruses isolated from 1933 to 1957. In
addition, no pre-1975 avian H1 HA sequences are available.

Genetic studies have established that the influenza A H2N2 virus that caused
the “Asian” influenza pandemic of 1957 derived its HA, NA, and a polymerase
(PB1) gene from an avian influenza A virus (43). This pandemic strain is therefore
thought to have arisen as a result of genetic reassortment between an avian influ-
enza A virus and the circulating human influenza A (H1N1) virus.

Similarly, the H3N2 virus that caused the “Hong Kong” pandemic of 1968
was a reassortant virus that derived its HA and PB1 genes from an avian influenza
virus and remaining gene segments from the circulating H2N2 virus (43).

HUMAN H5N1 INFECTIONS

In May 1997, the Government Virus Unit in Hong Kong isolated an influenza A
virus from the tracheal aspirate of a three-year-old child who was admitted with
fever and respiratory symptoms and died of acute respiratory distress syndrome
and Reye syndrome. The virus could not be subtyped using the World Health
Organization (WHO) reagents prepared against circulating strains of influenza A
H1N1 and H3N2 viruses and was subsequently identified as an H5N1 virus by
the National Influenza Center in Rotterdam, The Netherlands (44). This identi-
fication was confirmed by WHO Collaborating Centers for Reference and
Research on Influenza at the Centers for Disease Control and Prevention in
Atlanta, Georgia (United States) and at the National Institute for Medical
Research in London (United Kingdom) (45, 46). The initial investigation of this
case focused on the following issues: the nature of the virus (avian, human, or a
reassortant virus), the source of the virus, identification of additional infections,
and molecular clues to explain the ability of the virus to jump the host species
barrier.

Molecular characterization of the virus influenza A/Hong Kong/156/97
revealed that all eight gene segments were related to genes of avian influenza A
viruses (45). Genetically similar influenza A H5N1 viruses had been isolated from
sick chickens on farms in the New Territories of Hong Kong in March and April
1997 (46, 47), but there was no clear evidence linking the child with these farms.
The kindergarten that the child attended had a nature court in which chicks and
ducklings were kept; some of the chicks had become ill and died in the week
preceding the child’s illness. However, because the chicks and ducklings had died
four months prior to the investigation, it was impossible to obtain samples that
might have determined whether the birds were infected with influenza H5N1
viruses.

The HA gene is one of the genes that can determine host specificity and vir-
ulence. The connecting peptide of the HA gene contained an insertion of nucle-
otides coding for several basic amino acid residues (RERRRKKR). The presence

A
nn

u.
 R

ev
. M

ed
. 2

00
0.

51
:4

07
-4

21
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

B
ou

rn
em

ou
th

 U
ni

ve
rs

ity
 o

n 
03

/2
8/

20
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



GLOBAL EPIDEMIOLOGY OF INFLUENZA 417

of multiple basic amino acids in the connecting peptide increases the range of
tissues in an avian host that can be infected by avian influenza A viruses by
making the HA cleavable by proteases other than the trypsin-like proteases. The
role of the multi-basic cleavage site of the H5 HA in the pathogenesis of this
human infection was unclear (45).

Six months later, 17 additional human H5N1 infections were identified in
hospitalized patients in Hong Kong over a seven-week period (48). The patients
ranged in age from 1 to 60 years, and 7 were male. Six of the 18 patients died;
with the exception of the first case, the illnesses in children were milder than in
adults. The clinical features of 12 of the cases were reported (49). Influenza A
was isolated from 16 of the 18 cases; two were diagnosed serologically. Molecular
analysis established that all gene segments of the viruses were avian in origin and
that reassortment with human influenza A viruses had not occurred (45).

There was a concurrent outbreak of influenza in chickens in the Hong Kong
markets (11). Similar viruses were also recovered from asymptomatic ducks and
geese from the same markets (11). The viruses isolated from the live-bird markets
were genetically identical to the viruses isolated from the human cases (50). The
receptor specificity of the human and avian isolates was similar (51), indicating
that this property alone would not limit the host range of avian influenza A
viruses.

Molecular and epidemiologic results obtained during this investigation suggest
that the human H5N1 infections resulted from poultry-to-human spread and that
person-to-person spread was rare and inefficient (48). Thus, although the avian
influenza A H5N1 viruses were able to cross the host species barrier and infect
humans, they were not efficiently transmitted. It is possible that the virus would
have become more efficiently transmissible if it acquired mutations in specific
gene segments to adapt to the human host, or if the virus acquired one or more
gene segments of human influenza A virus by reassortment. However, the closure
and depopulation of the live-bird markets of Hong Kong in December 1997 was
followed by intensive surveillance of H5N1 infection in live birds imported into
Hong Kong, and no further cases of human H5N1 infection have occurred since
then.

This incident established for the first time that avian influenza A viruses could
cause an outbreak of disease in humans without passing through an intermediate
host. By inference, it follows that reassortment with human influenza A viruses
could occur in a human host co-infected with avian and human influenza A
viruses, without the postulated intermediate host.

HUMAN H9N2 INFECTIONS

In March 1999, the Government Virus Unit in Hong Kong isolated influenza A
viruses that could not be subtyped as H1 or H3 from two children with self-
limiting febrile upper respiratory infections (52, 52a). These viruses were iden-
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tified as influenza A H9N2 viruses at the WHO Collaborating Center at Mill Hill,
United Kingdom; the findings were confirmed by the WHO Collaborating Center
at the Centers for Disease Control and Prevention, Atlanta, Georgia. Ongoing
influenza surveillance in the live-bird markets of Hong Kong, which began during
the H5N1 outbreak in 1997, had identified a high prevalence of H9N2 infections
in chickens, often in association with H5N1 infections (53). Molecular analyses
indicate that the HA and NA genes of the human H9N2 isolates are avian in
origin (52). An epidemiologic investigation of the two cases is in progress to
establish the source of the infection and to identify additional infections.

CONCLUSIONS

During the past two decades, several widely held concepts concerning the epi-
demiology of influenza were demonstrated to be false. It was previously believed
that influenza pandemics occurred at 10- to 14-year intervals, but it has been over
30 years since H3N2 viruses appeared. Furthermore, reclassification of influenza
A viruses indicates that H1N1 viruses circulated from at least 1918 until 1957.
Thus, it is now clear that influenza pandemics occur at unpredictable intervals. It
was also believed that concurrent circulation of two different influenza A subtypes
did not occur. However, H1N1 and H3N2 viruses have been circulating together
since 1977. Finally, receptor specificity was believed to provide a barrier against
human infection by avian influenza viruses that differ in this property from their
human counterparts. This belief has been modified by the recently documented
human infections by avian H5N1 and H9N2 viruses in Hong Kong.

Although a great deal has been learned about influenza viruses and the disease
they cause, many important, unanswered questions remain. For example, it is not
known precisely how new pandemic strains of influenza arise or how pandemics
begin. In addition, many questions remain unanswered about interpandemic influ-
enza. We do not yet understand the exact nature of the changes that must occur
during antigenic drift in order to generate a new epidemic strain. It is also not
known whether a particular antigenic variant can arise simultaneously in two or
more locations as a result of antibody pressure in the population. Furthermore, it
is not known whether influenza viruses migrate between the Northern and
Southern Hemispheres to become epidemic in the respective temperate zones
during the cold-weather season, or whether influenza viruses are perpetuated and
seeded in the population during the summer months. Future studies are necessary
to answer these questions about influenza, an important cause of medically
attended acute respiratory illness.

Visit the Annual Reviews home page at www.AnnualReviews.org.
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