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Pandemic influenza: certain uncertainties
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SUMMARY

For at least five centuries, major epidemics and pandemics of influenza have occurred
unexpectedly and at irregular intervals. Despite the modern notion that pandemic influenza is a
distinct phenomenon obeying such constant (if incompletely understood) rules such as dramatic
genetic change, cyclicity, “wave” patterning, virus replacement, and predictable epidemic
behavior, much evidence suggests the opposite. Although there is much that we know about
pandemic influenza, there appears to be much more that we do not know. Pandemics arise as a
result of various genetic mechanisms, have no predictable patterns of mortality among different
age groups, and vary greatly in how and when they arise and recur. Some are followed by new
pandemics, whereas others fade gradually or abruptly into long-term endemicity. Human influenza
pandemics have been caused by viruses that evolved singly or in co-circulation with other
pandemic virus descendants and often have involved significant transmission between, or
establishment of, viral reservoirs within other animal hosts. In recent decades, pandemic influenza
has continued to produce numerous unanticipated events that expose fundamental gaps in
scientific knowledge. Influenza pandemics appear to be not a single phenomenon but a
heterogeneous collection of viral evolutionary events whose similarities are overshadowed by
important differences, the determinants of which remain poorly understood. These uncertainties
make it difficult to predict influenza pandemics and, therefore, to adequately plan to prevent them.

“The certainty of uncertainty is the only kind of certainty.”John Allen Paulos [1]

Pandemic and epidemic influenza have been appearing unexpectedly for at least 500, and
possibly 1000 or more, years [2-10]. Varying pandemic features include generation by
different viral genetic mechanisms, association with mammalian epizootics/enzootics,
occurrence at irregular intervals, and differences in when they recur, who they attack, and
their clinical severity [6]. Such significant variations suggest a need to reconsider what is
known about, and what remains to be learned about, the nature, characteristics, and behavior
of influenza pandemics as infectious disease phenomena.

In examining the rich and complex historical information about influenza, it should be borne
in mind that the virologic data only reaches back to the 1930s and that inconclusive
archeoserological data reach back only a few decades before that. Influenza historians must
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accept provisional—and unprovable—assumptions that diseases documented in earlier eras
as having characteristic clinical and epidemiological features of influenza were in fact
influenza and not diseases caused by different known or extinct infectious agents.

Such issues become more problematic as one goes back further in time to eras in which
medical concepts were less well developed and in which surviving epidemic accounts were
fewer and more isolated in time and place. A related problem is that with only scattered
accounts, we cannot be sure that influenza, had it occurred, would have been recognized as a
distinct disease of interest, recorded in enough detail that we could recognize it now, and be
preserved over centuries and millennia. The historical record might thus be potentially
biased by the “loss” of important epidemic/pandemic information.

As a rough guide to evaluating the evidence examined here, it can be generally said that
until the early 1500s, there was little or no appreciation that the epidemic disease we now
identify as influenza was a distinct and periodically recurring disease—those epidemics that
were recorded, usually by chroniclers or monks, tended to be recorded in a similar
formulaic/non-specific fashion that might omit features we now consider pathognomonic or
distinctive; until the mid-1700s, influenza was not viewed as being a distinct clinical—
pathological-epidemiological entity; until the 1830s, there were few reliable measurements
of influenza mortality rates, age-specific mortality rates, or case-fatality rates; and until the
late 1800s, influenza morbidity rates were generally not calculated. It is important to realize
that, lacking modern concepts and knowledge, observers in earlier eras might not have been
able to describe the occurrence of influenza in the way we would describe it, or be able to
recognize or rule it out, today. This places a burden on us to objectively evaluate imperfect
evidence in light of modern knowledge that was not known at the time the evidence was
originally recorded.

WHAT WE KNOW ABOUT PANDEMIC INFLUENZA

Influenza pandemics have been occurring for at least five centuries

“Pandemic” (from the Greek, “of all the people™) generally refers to the widespread
occurrence of a disease over one or more regions of the world. In recent decades, it has
sometimes been applied more specifically to the global spread of influenza viruses that
contain novel hemagglutinin [HA] genes [6,10-12]. Influenza pandemics also can be
described by their geographic extension as trans-regional (affecting two or more adjacent
regions of the world, e.g. Africa and Europe), inter-regional (affecting two or more
nonadjacent regions of the world), or global [6].

As noted above, possible influenza pandemics of the pre-virology era, identified by
contemporary observers and by historians applying clinical and epidemiologic criteria,
cannot always be confirmed because historical reports are incomplete, of variable quality,
mostly limited to European sources, and unverifiable by modern virologic criteria (Tables 1—
4; Figures 1-3). Moreover, if “mild” pre-modern influenza pandemics had occurred, they
might not have been recognized or documented, potentially biasing historical perception
toward greater pandemic explosiveness or severity.
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In the first of four empirically designated historical periods (1194 & to 875 o; Table 1),
evidence for pandemic influenza is insufficient because of imprecise clinical and
epidemiologic descriptions and limited ability to detect trans-regional spread of disease. The
“Plague of Athens,” which spread to Europe from the Middle East and Africa in 430 ec, is an
exception, but it probably was not influenza [13].

Between 876 a and 1491 s, many explosive pan-European or local epidemics of febrile
coughing disease have been attributed by historians to influenza (Table 2; Figure 1) [2,14—
77], but European contact with the outside world remained so limited that pandemic spread,
had it occurred, might not have been appreciated. Such widespread epidemics were
nevertheless considered sufficiently important to be specifically named, for example, in
1307 ao /e tac (French, the sound of a coughing “hack”), in 1327 o s/aeaén (lrish,
“prostration”), and in 1357 /nfluenza di freddo (Italian, “influence of the cold™) or una
influenza[16,75,78]. Evidence consistent with influenza in the Dark and Middle Ages
includes characteristic signs and symptoms, pulmonary involvement, broad, explosive, and
directional geographic spread, high attack rates, and elevated mortality in the elderly and
debilitated, in infants and small children, and in pregnant women (Table 2) [2—
5,14,17,71,74,75,79-82]. Although with one possible exception in 1414 [30], epidemic
involvement beyond Europe was not documented; historians have speculated that some
influenza epidemics in this era were true pandemics. These include, for example, the
epidemics of 876-877 and 927—nboth of which arrived in Italy and spread northward, a
pattern later described for known pandemics (see below)—and the widespread European
epidemics of 1173, 1311, and 1386-1387 [3-5,33,51,65,77,83,84].

Between 1492 and 1728 (Table 3; Figure 2), a period of European exploration and
colonization, trans-regional, inter-regional, and global pandemics were documented by
printed reports and by a burgeoning medical literature. Three 16th century pandemics,
separated by 47-year and 23-year intervals, respectively, preceded a 147-year pandemic-free
period (1581-1728). Recurrent epidemics of a mysterious new disease called “sweate”
(“English sweating sickness™; sudor anglicus), appearing between 1485 and 1551, have been
plausibly attributed to influenza [85,86]. During this time, independently occurring
epidemics and trans-regional pandemics appeared in the newly discovered Western
Hemisphere [31].

Between 1729 and the present, influenza pandemics returned in force and exhibited a variety
of epidemic characteristics discussed below. Because the pandemics of 1889 and thereafter
have been well studied and considerable information about them is widely available in most
medical libraries [6,87,88], we do not address the modern era but instead emphasize the less
well-appreciated occurrences of influenza between 1729 and 1888 (Table 4; Figure 3).

The basic clinical picture of pandemic influenza has not changed for centuries

Common features include abrupt febrile onset, cough, myalgia, malaise, and prostration
[3,5,33,51,89-94]. These symptoms generally resolve in about 1week but occasionally are
complicated by miscarriage, premature labor, infant death, maternal death, and severe or
fatal pneumonia in the elderly and debilitated [2-5,14,17,43,71,74,75,78-82,95]. Pulmonary
involvement was documented as early as 1400 and possibly centuries earlier [51,77,82].
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When influenza autopsies began to be reported in the early 1700s, they generally revealed
characteristic features of tracheitis and severe purulent pneumonia [22,96-98]. The clinical
picture of pandemic influenza and its complications as recorded 500 and more years ago is
typical of pandemic influenza in 2011 [93,94].

Most basic epidemiologic features of pandemic influenza have not changed for centuries

Including directional geographic spread, explosiveness with high attack rates, and increases
in population mortality.

An association between human population movement and pandemic/epidemic spread was
noted early on (Table 2), for example, an epidemic that followed Carolman’s army across
Europe in 876-877 [3-5,77] and an epidemic associated with European travel during the
“new century celebrations” of 1400 [82]. At the local level, observers repeatedly noted 4-
week to 6-week prevalences within, and rapid spread of influenza between, major cities,
followed by directional spread outward into surrounding towns, and from there to villages
and farms [67].

Pandemic origin in Asia or Eastern Russia with westward spread to Europe has been noted
repeatedly for more than 500 years. The origins of several other pandemics have been linked
to the Western Hemisphere (e.g. 1761), or have not been localized [99]. For example, the
origin of the 1918 pandemic has been attributed to, among other locations, China, the USA,
and France, largely on the basis of circumscribed outbreaks of severe/fatal pneumonias
within the 2 years before spring 1918, considered to be consistent with influenza
complicated by secondary bacterial infection [100-103]. All three 16th century pandemics
arrived in Mediterranean Europe from the southeast trade routes and spread northwesterly.
Two hundred years later, the pattern changed dramatically: pandemics apparently
originating in Asia in 1729, 1733, 1781, 1833-1836, and 1889 spread westward through
Russia and into northern Europe and then spread southward, the last of these (1889) being
mapped with some precision (Figure 4) [104,105].

This reversed European directionality corresponds roughly in time to the establishment of
the Hanseatic League and the rapid expansion of cities along the northern European Baltic
coast, including St. Petersburg, possibly providing efficient new overland and Baltic Sea
routes of population movement. Global spread of the 1957 pandemic was primarily by
shipping routes and, to a lesser extent, by air routes [106—108]. In contrast, the pandemics of
1968 and 2009 followed airline routes, representing ever more modern means of efficient
population movement. But even such earlier pandemics as those of 1782 (before clipper
ships) and 1918 (before commercial air travel) spread almost as rapidly as the recent
pandemics of 1957, 1968, and 2009. It has now become possible to follow country-to-
country importations in “real time” using molecular virologic techniques [109-111].

Influenza has long been considered the most explosive of the epidemic diseases. In ancient
times, apparent influenza was described as a “cough which spread like the plague” (in 927
[4,71]), an “evil and unheard of cough” that “affected everyone far and near” (in 1173-1174
[50,76]), and a catarrh “with rapid diffusion to the head and chest” [14] that “raged
universally” (in 1327-1328 [47]). It caused attack rates allegedly as high as 90%
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[14,81,112], so that “hardly anyone remained healthy” (in 13861387 [14]), and in 1729, it
“spread from Russia like a hurricane” [92].

In addition to explosiveness, pandemic influenza was shown centuries ago to cause mortality
in the elderly and debilitated [113], in infants and small children [82], and in pregnant
women [95]. It was repeatedly associated with increases in burials or with increased
population mortality [2-5,14,17,43,71,74,75,78-82,95]. Mortality peaks were reported as
early as the 14th century [16] and quantified with vital registration data as early as 1558
[67,95]. In the 19th century, more sophisticated independent calculations estimated adult
influenza case-fatality rates of 2% or higher [2,3,66,80,81,92], although the figures could
well have been unknowingly inflated by incomplete recognition of milder cases. The most
significant cause of death in the 1889 and 1918 pandemics appears to have been bacterial
pneumonia. Evidence suggests that this may also have been true in earlier pandemics, and it
seems to have remained at least partly true in the pandemics of the antibiotic era, that is,
1957, 1968, and 2009 [114-122].

With the exception of certain unexplained epidemiologic features of the 1918-1919
pandemic, discussed in the next sections, the basic epidemiologic features of pandemic
influenza appear unchanged from those of 500 and more years ago [93,94].

Pandemic/epidemic and panzootic/epizootic influenza have co-existed for centuries

In the 20th and 21st centuries, concentrated pig farming has led to the establishment of
separate American (human virus-descended) and European (avian virus-descended) lineages
of HIN1 swine viruses, of swine lineages of H3N2 and various swine—human reassortant
viruses [123,124], and of swine infections with human influenza viruses. A 1976-1977
“swine flu” outbreak in humans quickly disappeared following limited person-to-person
spread [125-127], but the 2009 H1N1 pandemic—caused by an antigenically related virus
[128]— spread quickly and globally. Its history and genetic makeup as a lineal descendent
of a number of reassortments between avian, human, and swine viruses (Figure 5) suggest a
significant risk of future swine virus epidemics/pandemics. The 2009 swine influenza
pandemic [111,128] has established that mammals may serve as intermediate hosts (“mixing
vessels”) [129,130] for pandemic generation, an idea long suggested by the frequent close
association of epizootics with epidemics [6].

In earlier eras, when they were ubiquitous in virtually all rural and urban settings, horses
may have played a role in influenza virus maintenance and evolution analogous to that of
pigs in the modern era. Today, H3N8 (equine-2) influenza viruses circulate enzootically in
horses but rarely cause human disease, whereas H7N7 (equine-1) viruses have rarely been
detected in recent decades and may have become extinct [131]. However, from 1648 until
1917, many if not most major influenza pandemics/epidemics were preceded by [38,48,132—
140], or less often followed by (e.g. in 1776, 1780, and 1831 [81,141-145]), epizootics of
equine influenza.

By our calculations, which are undoubtedly not comprehensive given that many influenza
accounts have probably not been identified, or have been lost, of the 112 years in the 200-
year period between 1688 and 1888 in which either significant influenza epidemics/
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pandemics or equine epizootics were documented in Europe, combined equine epizootics/
human epidemics were documented in 67 years; equine epizootics only in 25 years, and
human epidemics only in 20 years [146]. The pattern in the Western Hemisphere during the
same interval differed in degree: of the 56 years in which human or equine influenza was
documented, both horses and humans were involved in 21 years; humans only, in 25 years;
and horses only, in 10 years. Large-scale equine influenza epizootics or panzootics that
overshadowed concurrent human influenza were recognized in 1727, 1750, 1760, and 1872
[146].

An explosive 1872-1873 Western Hemispheric equine panzootic [140,142,146,147] was
strongly associated temporally and geographically with widespread outbreaks of fatal
influenza-like poultry disease, which also killed turkeys, ducks, geese, herds of swine, and,
allegedly, forest deer [146]. This panzootic was further associated with limited outbreaks of
mild human influenza (which was popularly known as “the zooty” [140,143,147,148], of
uncertain relationship to true epidemic influenza recognized some months later [71,146]).
For the next 30 years, equine epizootics were common across the USA. With the exception
of major outbreaks in 1880-1881 and 1900-1901, however, they tended to be local, to affect
mostly young horses, and to feature much lower attack rates [144,145]. The last widespread
equine influenza epizootic in the USA occurred in the winter of 1915-1916, concurrent with
a major epidemic season [149]. It appears that at least during the 270-year period from 1648
to 1917, influenza was almost as much a global equine disease as it was a global human
disease [146].

Cases of canine and feline influenza associated with equine or human outbreaks have been
described for centuries [38,135,139,140,150,151]. Widespread outbreaks of canine and
feline influenza may have occurred during the 1782 influenza pandemic [152], which also
was associated with epizootic equine disease. A substantial canine outbreak was seen during
an 1851-1852 Australian epidemic as well [153]. Horse-to-dog transmission of influenza
has affected racing greyhounds for more than a century [146], and canine H3N8 epizootics
have recently resulted in enzootically stable transmission between dogs [154]. Clearly, other
mammals have long been involved in influenza virus circulation; their possible role in
pandemic generation or in viral maintenance and evolution are poorly understood.

WHAT WE DO NOT KNOW ABOUT PANDEMIC INFLUENZA

How and why do influenza pandemics emerge?

Pandemics have resulted from importation of avian genes into human-adapted viruses via
gene reassortment (1957 and 1968 [155,156]), by human adaptation of viruses previously
adapted to other mammals (2009 [128]), and possibly from the de novo adaptation of an
avian-like virus to mammals (1918 [157,158]). We do not understand the basic mechanisms
of how these viruses emerge, including how, where, when, how quickly, and under what
circumstances the host-switching processes occur. We also do not know whether human
adaptation occurs directly and immediately, or gradually in human or intermediate hosts
[159]; nor do we know the characteristics of viral “fitness valleys” between donating and
accepting hosts [160,161].
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Although the origin of the 1918 pandemic virus has not been fully resolved, it has an avian-
like genome and may have been derived from an avian virus in the decade before 1918
[157,158]. Alternatively, it may have evolved in swine prior to its emergence [162]. There
has also been concern that the HS5N1 HPAI virus, circulating since 1996, is similarly
evolving in the direction of human adaptation [163]. But poultry influenza outbreaks have
never been known to cause more than a limited number of human “spillover” cases. In the
1557 and 1580 influenza pandemics (called in German Hihnerweh, or “chicken malady,”
ostensibly because croupy human coughs sounded like those of ill chickens), poultry
epizootics were not to our knowledge documented [51,164]. When poultry epizootics
consistent with avian influenza were eventually described, for example, a 1789 epizootic in
Northern Italy [165], they were not associated with pandemics, major epidemics, or
significant human-to-human transmission.

The once comfortable notion that pandemics are generated only by antigenic shift (insertion
by genetic reassortment of a new HA subtype) has become increasingly problematic. A
novel evolutionary mechanism was discovered in 2003 when a prevailing H3N2 virus
acquired, by intra-subtypic reassortment, an antigenically variant H3 to which population
immunity was incomplete [166,167]. Genetic evidence suggests that 1918 HIN1 and 1968
H3N2 viral descendants have evolved by frequent intra-subtypic reassortment as well, not
only in the HIN1 era (e.g. 1947 and 1951) [168] but also in the H3N2 era (e.g. 1997 and
2003) [166,169]. Although typically we do not refer to such events as pandemics [12], some
appear to meet standard definitions of the term on the basis of their rapid global spread
[10,12]. The 2009 H1N1 pandemic, which followed reassortment of two well-established
swine-adapted viruses, represents yet another complex and novel pathway to pandemic
generation [10,111,128]. Influenza viruses evolve by a number of different mechanisms in a
number of different hosts, and they can easily cross species barriers, which suggest many
different potential pathways to pandemic emergence, none of which are understood.

Why do influenza pandemics differ in severity?

For 500 years, observers have documented significant differences in the severity of
influenza pandemics. Unrelated to the basic symptomatology of typical cases (apparently
unchanged over many centuries), pandemic influenza severity has usually been measured by
mortality, which is influenced by such variables as (i) the age and health structure of the
population; (ii) the variable presence of residual protective immunity in older age cohorts;
(iii) the case incidence of potentially fatal complications (predominantly bacterial
pneumonia); and possibly, (iv) inherent differences in the ability of influenza viruses to
cause infrequent but severe or fatal complications (pathogenicity), such as primary viral
pneumonia or viral potentiation of secondary bacterial pneumonia.

Obviously, demographic factors alone influence influenza mortality, including age-related
susceptibility to influenza complications and different levels of immunity related to
exposures to viruses circulating in earlier eras. Although the pandemic(s) of the 1830s, of
1889, and of 1918 were similar in their pathologic picture and relatively high mortality—
including evidence for, or consistent with, deaths from secondary bacterial pneumonia—
“mild” pandemics with mild recurrences were documented in, for example, 1761-1762,

Rev Med Virol. Author manuscript; available in PMC 2012 December 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Morens and Taubenberger Page 8

1775, and 1781-1782. The latter pandemic is said to have been associated with protection of
persons previously infected in both 1732-1733 and 1775 [6,170,171]. Such protection also
was suggested for the pandemics of 1831-1837 and 1847-1848 based on prior infections
around 1782 [3,172,173], but without accurate incidence data, such claims remain
unsubstantiated. Information on human protection from prior influenza exposures has
occasionally been supplemented by similar information about horses, for example, that
horses experiencing influenza in the years before 1760 were protected during a 1760
epizootic [135]. Data from the 1918 pandemic suggest decreased incidence in persons older
than about 60-65 years (alive during the pandemic eras of the 1830s and 1840s [6,8]), but
mortality in this age group was still elevated by a high case-fatality rate that was largely
attributable to a high incidence of complicating pneumonias [99]. Notably, with or without
protection from disease based on prior exposures, in the pandemics of the earlier centuries
mentioned above, in every case there seemed to have been increases in mortality of the
elderly, and usually the other noted risk groups as well. Such elevated mortality in the key
risk groups has been seen in virtually all pandemics, whether mild or severe.

For unknown reasons, apparent protective effects were also seen in 1957 [174-176]; in the
subsequent era of H3N2 circulation because of immunity to previously circulating H2N2
viruses [11,177-179]; in the era of the 1977 return of HIN1 viruses by prior infection with
H1N21 and—paradoxically—H3N2 viruses [180]; and in 2009 by residual HIN1 viral
immunity induced by long-ago exposures to 1918-descended human viruses and possibly
also by vaccine-induced immunity [181-184]. Based on mortality rates, these latter
pandemics are essentially indistinguishable from severe endemic seasonal influenza and
probably would not have been recognized as pandemics in the pre-virologic era [10,11]. To
our knowledge, the only pandemic in the last 280 years without evidence of, or claims for,
pandemic-to-pandemic protection is that of 1889, at which time incident cases seem to have
been unaffected by pre-exposure to the pandemics of the 1830s or of 1847-1848; and in
turn, exposure during the 1889 pandemic seems not to have protected individuals against the
next pandemic in 1918.

Although influenza pandemics have appeared and peaked in all seasons, European accounts
spanning 500 years suggest that pandemic influenza has rarely ever caused high mortality in
the summer months. Of the 16 pandemics noted between 1510 and 2009, the eight
associated with significant increases in mortality all peaked in the winter months. Of the
other eight ostensibly milder pandemics, only two (in 1775 and 1968) peaked in the winter
months. The remaining six milder pandemics either peaked in summer (1510, 1580) or
arrived in spring and spread more slowly over the summer, sometimes returning in the fall
or winter to produce low or moderate numbers of deaths (1761, 1782, 1957, 2009).

This suggests that seasonal timing of pandemic appearance could be a determinant of
severity. It might be speculated that arrival and spread of a pandemic virus in the summer
months, when bacterial pneumonias of any cause are less frequent, provide an opportunity
for a new virus to create significant population immunity without producing substantial
mortality. When a new pandemic virus arrives or peaks in the winter months, on the other
hand, substantial mortality from secondary bacterial pneumonia may occur. Possible
examples of the latter may include the pandemic of 1557, which appeared in Europe in June,
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spread rather slowly, but recurred to cause substantial mortality in the winter of 1557-1558.
Similarly, in 1918 a new pandemic virus appears to have caused moderate attack rates but
low mortality in a few northern European countries in July and August 1918, only to return
globally in the fall and winter of 1918-1919 to cause higher attack rates with significant
mortality. These speculations do not explain the anomalous mild pandemics of 1775 and
1968, both of which peaked in winter. Despite extremely high attack rates, the 1775
pandemic, which followed an earlier pandemic by 13 years, is probably the mildest on
record, whereas the 1968 pandemic reflected a second “update” by reassortment of the 1918
virus. Conceivably, the “founding” viruses causing these mild pandemics were of such low
pathogenicity (e.g. because of pre-existing NA-based immunity as shown in 1968 [177-
179]) that although fully capable of spreading explosively, they could not cause substantial
mortality, even in the winter.

An exception to the usual demographic pattern of influenza deaths occurred in the pandemic
of 1918-1919, which featured an enormous mortality peak in persons 20 to 40 years of age
due to an unexplained high incidence of secondary bacterial pneumonia and empyema [8],
but without causing an increased pneumonia case-fatality rate. The cause of this pneumonia-
associated mortality peak remains unknown and is the subject of continued speculation.
Although 1918-1919 mortality was low in children 5 to 15 years old—characteristic of all
influenza pandemics and epidemics—it appears to have been significantly higher in this age
group than in the moderately severe pandemic of 1889-1890 [8], perhaps suggesting greater
inherent viral pathogenicity, or greater viral-bacterial co-pathogenicity. Several different
mechanisms have been hypothesized for enhanced pathogenicity in viral-bacterial co-
infections, including enhanced bacterial colonization and spread resulting from viral damage
to respiratory epithelial cells, viral-induced immunosuppression, and effects of bacterial
proteases on viral activation [115,185]. The high mortality rate in humans
infectedwithH5N1HPAI virus (59%, World Health Organization, 7 March 2011, http://
www.who.int/csr/disease/avian_influenza/country/cases_table 2011 03_07/en/index.html)
suggests extreme virulence. However, this virus has not become pandemic, and it remains
unclear whether or not it is inherently capable of doing so [6].

Pandemics are thus of variable severity, and severity appears not to be related strictly to the
source of the pandemic virus or the means of its generation. Other factors such as pre-
existing partial immunity, seasonal timing, and inherent viral properties may all play
important roles. The relationship between different viral evolutionary mechanisms and the
production of pandemics of variable severity is obscure [159,186]. Presumably complex/
polygenic viral determinants underlie some of pandemic influenza’s severity, but it seems
clear that variation in pandemic mortality is a complex product of interactions between
multiple poorly understood viral, host, and environmental factors.

Why do influenza pandemics recur, and why do they recur in differing patterns?

Even when transmitted quickly and efficiently, pandemic influenza has seemed unable, at
least in the last 200 years, to infect an entire population at one time. Historically, pandemic
influenza usually recurs at least once before settling into a familiar pattern of annual/
seasonal endemicity. But it also has done so with very different recurrence patterns (Figure
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6). Such patterns include explosive and largely annual seasonal recurrences and waves (a
term we apply to pandemic recurrences of significant mortality within a 9-month interval, to
distinguish them from the annual/seasonal recurrences that pandemics seem always to
initiate). The 1889 pandemic appeared in most places in winter (Northern Hemisphere),
recurring annually and largely seasonally until as late as 1894 [8,187], the annual seasonal
recurrences being referred to at the time as waves. In the 1918-1919 pandemic, most
countries experienced, within an interval of 9 months or less, one occurrence and one
recurrence, whereas a few (mostly Northern European) countries experienced two
recurrences, and others experienced only one recurrence or, rarely, none [6,99,102]. As
noted elsewhere [88], historical clustering of pandemics at intervals of 2 to 4 years (e.g. in
1729/1732 and 1830/1833/1836) might have represented expected but “delayed” recurrences
of single pandemic viruses in eras of lower population density and slower travel.

Pandemics have appeared at all times of year. In the last century, at least, they have tended
to recur with increasing seasonality as they give way to initial and subsequent recurrences,
settling within a few years, at most, into annual seasonal (winter) endemicity in temperate
climates. The determinants of these patterns remain to be fully elucidated [169] but may
well be related to an increasing tendency for almost all respiratory viral diseases to prevail in
temperate climates during winter months [188,189]. This seasonal tendency decreases in
proximity to the equator, consistent with the century-old notion that respiratory agents are
stabilized by more favorable winter conditions, for example, cooler temperatures and lower
humidity [188,190].Additional winter seasonal factors may include lower nasal epithelial
temperatures, which favor virus survival, less efficient indoor ventilation, and more intense
and prolonged indoor crowding. It seems probable that many if not most “waves” (rapidly
successive recurrences) are the products of either regional variability in viral introduction
and explosiveness [106,191,192], or the action of environmental conditions upon new
viruses beginning to circulate at seasonally unfavorable times [193]. Some recurrent
“waves” of influenza mortality have been associated with very low-incidence rates of
influenza; apparently, low-incidence “waves” of high case-fatality result from the relative
confinement of secondary bacterial pneumonias to the winter months [191]. Waves of
influenza incidence and waves of influenza mortality may thus be two different phenomena.

Confusingly, influenza’s familiar seasonal recurrence pattern seems to have developed only
gradually over the past 300 years. Until the early 1700s, influenza pandemics and major
epidemic recurrences were detected in Europe about as often in the spring—summer months
(April-September) as in the fall-winter months (October—March; Figures 1 and 2) and often
occurred in association with equine epizootics, which themselves tended to occur in spring
and fall. Conceivably, in the era before modern heating, cold weather may have placed such
significant limits on human and equine movement that person-to-person and horse-to-horse
spread was “forced” into the otherwise environmentally unfavorable late spring to early fall
months. Determinants of influenza seasonal patterns remain obscure.

Do influenza pandemics occur in fixed geographic patterns?

As noted, geographic directionality has long been recognized as a feature of pandemic
influenza, including frequent attribution of pandemic origin to Asia, westward spread to
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Europe, directional spread within Europe, and acceleration of spread by contemporary
means of mass population movement. Since 1889, all influenza pandemics have been global.
However, it is important to remember that in earlier eras, pandemics were not always
observed globally. Not only were pandemics before 1889 variable in their geographic
extension (Figures 1-3) but beginning around or just before the 17th century until 1889—a
period during which otherwise global pandemic spread was repeatedly documented—the
Western Hemisphere seems to have charted its own endemic/epidemic/pandemic and
epizootic influenza course. In 1647—a time when influenza was relatively silent elsewhere
in the world [31,194,195]—a trans-regional pandemic spread from New England to the tip
of South America, a pattern repeated in 1697-1698 and 1719-1720 (Figure 2). In 1761,
within a year of a major equine influenza epizootic, an American-origin pandemic has been
said (with questionable documentation, however) to have been exported to Europe, causing
an inter-regional pandemic abroad [31,81,196].

Between 1789 and 1889, the Western Hemisphere exhibited an influenza occurrence pattern
seemingly disconnected from Europe and the rest of the world (Figures 2 and 3),without
detected pandemic activity even during the deadly and otherwise global pandemics of the
1830s and of 1847-1848 [71]. Thus, until 1889, influenza pandemicity seems to have
existed on a continuum of geographic extension, including regional, trans-regional,
interregional, and global pandemicity, an epidemiological feature that may hold important
clues to influenza evolution but as yet remains unexplained. Although our understanding of
influenza epidemiology leads us to expect that future influenza pandemics will continue to
spread globally, by failing to understand determinants of past geographic restrictions, we
may be missing important clues that could help us prevent or control pandemics of the
future.

Why do pandemic viruses disappear, and why are they replaced?

History suggests that pandemic viruses appear, remain pandemic as they recur for one to a
few years, thereafter become endemic/seasonal for variable periods, and eventually are
replaced by new pandemic viruses [197]. However, the necessity of “viral replacement” was
called into question in 1977 when a naturally “extinct” descendant of the 1918 HIN1
pandemic virus suddenly reappeared after a 20-year absence and re-established first
pandemic and then seasonal circulation [10,198]. The 1977 HIN1 virus and the 1968 H3N2
pandemic virus have co-circulated without evidence of imminent extinction for 33 years [6],
leaving a trail of population immunity directed against four of the five influenza surface
proteins known to have ever been incorporated into human viruses (H1, H3; N1, N2).

In 2009, with the emergence of the swine-origin HIN1 pandemic virus, global co-circulation
of three evolutionarily and antigenically distinct descendants of the 1918 founding virus
began. It is not known whether there is a limit to how many type A influenza viruses of
different or highly variant antigenic subtypes can co-circulate or whether co-circulation of
multiple viruses might protect against the emergence of new pandemics. Moreover, it is still
unclear whether the 2009 pandemic H1N1 virus will lead to the extinction of seasonal HIN1
and/or H3N2 viruses or whether it will continue to co-circulate with them. Influenza experts
have long speculated that only certain influenza A subtypes (e.g. H1, H2, and H3) can cause
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Summary

pandemics and that they do so cyclically, their successive replacement driven by the
eventual dying out of human populations exposed to particular viruses in early life [199-
201].

This begs an additional question of whether, as has been claimed dogmatically for centuries,
influenza pandemics occur in recognizable cycles. Aware that ancient observers had posited
100-year cycles [3], in 1792 Anthony Fothergill proposed 31-year influenza cyclicity [202].
Soon thereafter, 10-year cycles were suggested, first by Noah Webster (in 1799 [31]) and
again in 1841 by Theophilus Thompson [81]. The latter idea persisted well into the 21st
century [7]. From the vantage point of 2011, however, we are not able to identify either
cyclic pandemic patterns or effects of global population growth on pandemic frequency
(Figure 7).

In considering the historical record of influenza pandemics—including the past 93 years in
which four pandemics and at least five pandemic-like events have been associated with
moderate or low mortality—it is worth noting a 147-year period without evident pandemic
activity (1581-1728), as well as a similar 245-year span of relative silence (928-1173) in the
era before pandemic documentation (Figure 1). Were pandemics absent during the 17th
century? A 1657-1658 epidemic associated with equine disease involved most of Europe
but produced relatively low attack rates [203]. A brief 1675-1676 European summer
epidemic, and a non-directional 1709-1710 epidemic concentrated in Central Europe,
represent the only other documented major influenza activity during this 147-year period.
Curiously, from 1581 to 1693, nine of 11 major epidemics for which seasonality can be
reliably documented appeared in the summer months, several in association with equine
epizootics (Figure 2).

It is arguably as important to understand long periods without recognized pandemics as it is
to understand how pandemics occur in the first place. Are there determinants of post-
pandemic “stability” that prevent or delay new pandemics, and is stability a desirable state
given that the cumulative seasonal mortality caused by successive years of antigenic drift
may eventually exceed the mortality caused by new pandemics [10,11,197]? How and why
do pandemic eras end? Do influenza viruses exhaust their repertoires of antigenic drift or
acquire mutations limiting their ability to replicate or be transmitted efficiently? Are some
pandemics stochastic events unrelated to previous pandemic eras? Could post-pandemic
stability be maintained by high vaccination rates against multiple HAs or conserved cross-
reacting epitopes? We have almost no information to answer any of these questions about
pandemic appearance, disappearance, or replacement.

“[E]ach [influenza] epidemic has presented some special [epidemiologic]
phenomenon, each form has constituted, as it were a sort of morbid
individuality.”Robley Dunglison, 1842 [204]

Influenza seems for at least five centuries to have remained a clinically distinct and
pathologically stable disease. However, its appearance in pandemic form, its patterns of
pandemic recurrence, the stability of its endemic persistence, its eventual disappearance, and
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its ability to cause fatalities all appear to be highly complex and poorly understood
processes. Trans-regional, inter-regional, and global influenza pandemics, as well as major
and often highly fatal regional epidemics, have occurred unexpectedly after short or long
intervals, have arisen from different genetic mechanisms, have had unpredictable mortality
impacts on different population age cohorts, have varied greatly in recurrence patterns, have
been followed soon thereafter by new pandemics or have faded into long-term endemicity,
have been caused by viruses that evolved singly or in co-circulation with other pandemic
viral descendants, and have often involved significant transmission in, or establishment of
viral reservoirs within, other animal hosts. Our limited understanding of pandemic influenza
is being repeatedly shaken by unanticipated events that expose fundamental gaps in
scientific knowledge.

A new picture of pandemics seems to be developing. Characteristically, unique epidemic
eras are initiated by the sudden explosive appearances of founding viruses such as, perhaps,
those of the 1830s, of 1889, and of 1918. This is followed by rapid adaptation to endemic/
seasonal circulation. Subsequently, secondary pandemics and pandemic-like events may
result from such successful evolutionary achievements of the founding virus as subtypic and
intra-subtypic reassortment, drift with and without selective sweeps, and complex
interchanges with mammalian-adapted viruses. In addition to current concerns about
potential human adaptation of avian influenza viruses, in 2011 we are now pondering the
implications of co-circulation of descendants of three different pandemic influenza A viruses
themselves descended from one 1918 founding progenitor virus [10], a phenomenon that
would have been unthinkable to most experts only a few decades ago.

Perhaps all that can be said with certainty about influenza pandemics is that they represent
brief moments in which particularly fit viruses temporarily get a step or two ahead of the
human population whose growing immunity will inevitably slow them down and lead to
their demise. Despite the persistent modern notion that pandemic influenza is a distinct
phenomenon obeying invariant if poorly understood rules, the historical evidence suggests
that pandemics are instead a heterogeneous collection of viral adaptational events, the
determinants of which are probably highly complex and remain obscure. Such uncertainties
make it difficult to predict the occurrence of, and the severity of, pandemics and therefore to
adequately prevent and control them. Planning for the worst while hoping for the best,
health authorities risk creating public confusion and the perception of “crying wolf.”
Ongoing and emergency planning is essential to pandemic containment, yet in recent
decades, public health authorities have been repeatedly criticized for over-reacting to
pandemics that either failed to materialize or were less severe than was predicted. For public
health decision-makers, the dilemma remains constant because the determinants of influenza
pandemics remain hidden. With human influenza, the only certain thing seems to be
uncertainty.
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Figure 1.
European epidemics of probable influenza during the period of European monastic and court

chronicles, 876-149140.0n the y~axis, influenza activity is recorded according to apparent
degree of geographic extension, as determined by historians and historical documents [2—
6,13,14,17,18,22-28,30-33,35-37,39-44,46-68,71,74-76,78-82,84,87,90—
92,95,97,104,133,170,194-196,205-212,215,218,219,221-238]. Such determinations may
only be rough approximations. Disease severity as reported by contemporary observers is
characterized as “mild” (M) or “severe” (S). In most instances, these designations have not
been established by either reliable mortality or case-fatality data. Unlettered epidemics/
pandemics reflect insufficient information about disease severity. Also plotted is the first
sweate epidemic of 1485
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Figure2.
Old World (top panel) and New World (bottom panel) pandemics and epidemics of probable

influenza, 1492-1728. On the y~axis, influenza activity is recorded according to apparent
degree of geographic extension, as determined by historians and historical documents [2—
6,13,14,17,18,22-28,30-33,35-37,39-44,46-63,65-68,71,74-76,78-82,84,87,90—
92,95,97,104,133,170,194-196,205-212,215,218,219,221-238]. Such determinations may
only be rough approximations. Disease severity as reported by contemporary observers is
characterized as “mild” (M) or “severe” (S). In most instances, these designations have not
been established by either reliable mortality or case-fatality data. Unlettered epidemics/
pandemics reflect insufficient information about disease severity. Also plotted are the
sweate epidemics of the early 16th century
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Old World (top panel) and New World (bottom panel) pandemics and epidemics of probable
influenza, 1729 to 1888. On the y~axis, influenza activity is recorded according to apparent
degree of geographic extension, as determined by historians and historical documents [2—
6,13,14,17,18,22-28,30-33,35-37,39-44,46-63,65-68,71,74-76,78-82,84,87,90—
92,95,97,104,133,170,194-196,205-212,215,218,219,221-238]. Such determinations may
only be rough approximations. Disease severity as reported by contemporary observers is
characterized as “mild” (M) or “severe” (S). In most instances, these designations have not
been established by either reliable mortality or case-fatality data. Unlettered epidemics/
pandemics reflect insufficient information about disease severity
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Figure4.

The 1889 influenza pandemic was tracked globally as it first appeared and then spread
quickly, in this case from East to West (Asia to Europe), similar to the rapid spread of
modern pandemics [104,105]. Figure adapted from Clemow [5]
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Genetic relationships between human and swine influenza viruses, 1918-2010; adapted from

Morens et al. [10]
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Figure®6.
Secular patterns of mortality increases over the first 5 years after pandemic appearance, in

four influenza pandemics appearing between 1889 and 1968. The four panels are adapted
from different data sources and cannot be compared for purpose other than examining
appearance/recurrence patterns. The top panel represents data from Germany [239]. The
second panel represents data from Breslau (now Wroctaw, Poland), from Lubinski [187]. In
the bottom two panels, representing the 1957 [240] and 1968 [241] pandemics in America,
data on mortality increases are displayed as rising above the expected background
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Figure7.
Pandemic occurrence by estimated global population, 800-2009 ac. European-wide

epidemics are included for the period when pandemics may not have been recorded, from
800-1491 Ao (see text). *For 1833, see text discussion on different pandemics versus
“waves” between 1830 and 1837
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Table 1

Ancient epidemics (1194 s to 875 ap) suggested by historians as having been caused by influenza; in no case
have we found other than vague and circumstantial evidence

Date Described Reference
Ancient, undated  Mentioned by Hebrew writers [205]
1194-1184 sc Trojan war; 9-day epidemic; horses/dogs affected [68,90,92,206]
713 BC Host of Sennacherib, Assyrian epidemic in 185 000 men  [92]

430-425 sc The “Plague of Athens” described by Thucydides [13]

415 BC Fatal epidemic in the Athenian army in Sicily [3,5,207]

393 8c Epidemic during the Carthaginian siege of Syracuse [75]

212 Bc Epidemic during the Second Punic War [208]
591-592 ap Epidemic “extreme cough” over “the whole earth” [71]
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Significant events recorded during European epidemics of influenza-like illness occurring in the period in
which epidemics were documented in monastic and court records, 876-1491 o

Date Described References
876 European-wide epidemic of fatal coughing disease; followed population movement; associated with deaths of ~ [3-5,77]

birds and dogs
1357 Use of the term “influenza” [16]
1386-1387  Catarrh “with rapid diffusion to the head and chest”; mortality in elderly and debilitated [5,14,16,71,209]
1400 Infants at risk [14,82]
1413-1414  Maternal hemorrhage, premature labor, and abortion; mention of disease in Russia [17,30,71]
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Significant events recorded during European influenza pandemics and major epidemics, 1492-1728 ao

Date Described References

1510 Inter-regional pandemic [6,33,71,81,210]

1557-1558  Global pandemic; origin in Asia [6,65,211]
Southeast to northwest directionality in Europe [46,81,87]
Recurrences associated with mortality peaks (1558-1561) [67,95]
Mortality peaks occur first in larger towns, later in smaller cities; still later in countryside [67]

1580 Global pandemic; ~6-week disease prevalences in large urban centers [67,95]

1647 Regional pandemic in Western Hemisphere; equine influenza epizootics associated with epidemic  [4,31,71,92,95,194,195]

1675 Fatal influenza pneumonia documented by Sydenham [212]

1693 Decreased attack rates in the elderly [90,212]

1712 European epidemic proceeding from North to South [31,65,71,194]
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Table 4

Significant events recorded during European influenza pandemics, 1729-1889 o

Page 36

Date Described References

1729-1730  Autopsy of Roman cardinal who died of influenza [22]

1775 Pandemic with very low mortality [49,81,90,213,214]

1781-1782  First “Russian Katarrh” or “Russian disease” [170,215]
Persons infected in 1732-1733 or in 1775 may have been partially protected; increasing disease severity [170]
during pandemic progression?

1782 Recommendation for patient isolation [216,217]

1802 Tracheal involvement said to be critical in severe cases [97]

1827 Influenza not spread by blood transfusion [3]

1833-1837  Quantification of adult influenza case fatality (not age-adjusted) at ~2% [80,81,92]

1836-1837  Influenza deaths associated with pre-existing bronchial conditions [218]
Influenza mortality associated with cardiac disease [218]

1847 Extreme mortality in the eldest elderly [68,173]

1872-1873  Equine panzootic in Western Hemisphere is followed by human cases and fatal avian epizootic [6,146]

1889 Comprehensive histopathology/bacteriology in an influenza pandemic [219,220]
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