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Summary

The seasonality of influenza continues to attract many studies, yet there is likely to be no
definitive explanation that covers all regions, climates and populations, at all times. The
influenza seasonality in each area is most likely the result of a number of factors
contributing to different degrees to the observed incidence and timing of influenza
infections. However, despite the massive growth in the human population and its global
mobility over the last 40–50 years, it is remarkable how the patterns of seasonal influenza
incidence have remained relatively unchanged in temperate, subtropical and tropical
regions, alike. This suggests that there may well be some sort of underlying, characteristic,
intrinsic host-pathogen-environmental oscillation in each of these regions that is rela-
tively unperturbed by human activities and behaviour. This review critically highlights
some of these factors in the light of more recent, modern studies and suggests some
additional experimental studies that may help to elucidate further and provide some
additional supporting evidence for some of the postulated mechanisms underlying the
seasonality of influenza.

Introduction

It is likely that there has been some pattern of
influenza seasonality in the human population
through the ages, but it is only the identification
and naming of the virus in the early twentieth
century that has allowed us to try to define this
more clearly in global, rapidly expanding popula-
tions with modern methods.

The seasonality of any pathogen requires several
basic elements to be in place: a susceptible

population in which the pathogen can replicate
and propagate, an accurate, sensitive and specific
diagnostic test to detect its presence, and a reliable,
robust reporting system and database to record the
results to allow seasonality patterns and trends to
be determined and analysed. Although there have
been several reviews on the seasonality of influen-
za, none have addressed these issues in much
detail.

http://crossmark.crossref.org/dialog/?doi=10.1007/s40506-016-0088-2&domain=pdf


Potential biases in available data for analysis

If laboratory testing is not performed, then the pathogen cannot be detected.
Due to resource limitations or a desire to optimise resource usage in other
directions, some diagnostic laboratories may decide to stop routine testing for
influenza during the spring and summer months in temperate regions. In some
areas of the world where vector-borne infections become a higher risk and a
more serious public health concern during the warmer months (e.g. West Nile
virus testing in Canada), such a resource reallocation would not be unreason-
able [1]. The cessation of routine testingmay give the impression that influenza
disappears entirely during these warmer months in some regions, when in fact,
the testing is just not being done.

The type of testingmatters. Some laboratoriesmay still rely on older types of
diagnostic methods, such as viral culture or immunofluorescence testing, rather
than more modern sensitive molecular methods, such as multiplex PCR, where
multiple respiratory pathogens can be detected within one sample, simulta-
neously. The older diagnostic techniques aremore labour-intensive, slower, and
less sensitive than these modern, semi- (or entirely) automated multiplex PCR
assays [2–4]. Yet, as they are cheaper run, require less expensive equipment and
do not require specific workflow and laboratory space organisation, they are
still common in some parts of the world. So comparing data obtained from a
region where viral culture is used may give the impression that there is less
influenza in that population than in another population of similar size and
influenza incidence, where molecular testing methods are the norm.

The most obvious patterns of influenza seasonality are well known: distinct
and large peaks of influenza incidence in northern and southern temperate
countries versus smaller and lesser well-defined peaks in subtropical and trop-
ical countries. This seems to be the case globally, whatever variation theremight
be in the local clinical sampling and testing protocols. Most of this data comes
from patients who are either hospitalised or are seen in a hospital setting
(including the emergency department), who, even if not admitted, are still
considered ill enough to be sampled and tested. Yet, these sources of data also
come with their own biases.

Apart from a few examples, there are relatively few studies that have ran-
domly been sampled from the general population throughout the year to see if
influenza is continuously circulating within any given population [5••].
Outside of a research study, from a clinical and diagnostic cost-effectiveness
viewpoint, this makes sense in temperate regions, since previous records have
shown little or no circulating influenza between the autumn and winter
months. Inter-seasonal influenza viruses arriving into such populations are
therefore most likely to have been imported from elsewhere (e.g. the tropics).
This (tropical) source-(temperate) sink hypothesis has been postulated by some
researchers [6, 7], but it has not been easy to demonstrate, andmay not apply in
every influenza season [8]. A recent study from Australia suggests that there is
inter-seasonal influenza persistence and transmission across a variety of cli-
mates and populations [5••]. However, further studies elsewhere are needed to
determine if these findings apply in other populations and climates. Given the
limited duration of such studies, the pattern of influenza introduction and
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transmission may vary in different ways from year to year.
To some extent, there will be a sampling bias in any population simply

because of the variation in health-seeking behaviours, whichmay be affected by
cultural and economic factors. An example of likely cultural bias can be found
in Southeast Asian populations, where it is more common to seek out
healthcare services for relatively mild seasonal coughs and colds, compared to
Western cultures where stoicism for such ailments is more common. This
difference in behaviour can be explained by a difference in the perceived
vulnerability to disease between cultures [9]. This was particularly evident
during the 2009 influenza A/H1N1 pandemic, where Eastern populations were
much more compliant and attentive to government advice about limiting virus
transmission during this period [10, 11].

A potential economic bias may be seen where healthcare is available in both
the public (government-funded) and private (where the patient pays) sectors. In
some studies from middle-income countries in Central America, it was found
that the private sector is consulted first if the illness is considered to be urgent,
particularly in young children or the elderly, as the physicians are thought to be
better trained and there is little or no delay in being seen [12, 13]. For less urgent
illness in older children or younger adults, government clinics are usually
visited [14], though there is also a tendency for more wealthy families to use
private health services [15]. Elsewhere, in lower- and middle-income countries,
medical costs are a significant proportion of daily household income, and
clearly influence families’ decisions to seek medical attention for various ail-
ments [16, 17]. Such choices may skew influenza surveillance data, and po-
tentially underestimate the burden of mild disease, and/or overestimate the
burden of severe disease from hospital or tertiary referral centres (to whom the
smaller, private clinics may refer severely ill cases), particularly if the data from
private clinics is not made available. However, these differences may havemore
impact on the relative size of the incidence peaks, and less on their timing, as
long as some testing is performed throughout the year.

Acknowledging this variety of diagnostic methods that are used to obtain
this viral incidence data from different regions, and accepting that teams can
only analyse the data they have, we can now examine what the current data has
been telling us.

Drivers of influenza seasonality: indoor versus outdoor,
temperate versus tropical factors?

Many factors have been postulated as underlying drivers of influenza season-
ality in human populations. There may be an intrinsic host-pathogen-
environment cycle, which has existed since the evolution of the pathogen and
its host. This is complicated for influenza, as the natural reservoir for influenza
viruses is in birds (specifically, waterfowl) [18]. However, if we confine this
discussion to the behaviour of established human influenza viruses, other viral
and host-related factors can be identified and assessed as to how they might
contribute to influenza seasonality.

Moorthy et al. [19] defined seasonality as “a temporal pattern of systematic
periodic oscillation within a predetermined cycle that can be characterized by
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peak timing, amplitude, and duration.” Themost obvious example of this is the
annual seasonal influenza peaks in the northern and southern temperate
regions—a pattern that disappears in the tropics. So whatever is driving this
seasonal cycle of influenza infection in these temperate regions, these factors
must change significantly in tropical zones. The most obvious change is the
climate.

Various aspects of these meteorological changes (relative and absolute
humidity, temperature, rainfall, sunshine hours and even wind speed) have
been correlated with local influenza incidence by teams from around the world
(Table 1, Figs. 1 and 2). However, these studies are generally conducted over a
fixed period of several years, so it is possible that any reported correlations
could be different in subsequent or earlier years. The overall picture that has
emerged for influenza (which is a lipid-enveloped virus and therefore more
prone to inactivation in warm, humid conditions) is that in temperate regions,
its incidence peaks in the colder, drier months of the year (i.e. autumn and
winter), whereas in tropical regions, its incidence peaks in the wetter, rainy
months [38••]. These correlations are based on influenza incidence data from
human patient populations during routine clinical encounters, rather than in
in vitro or animal experiments in laboratory settings. The latter point is im-
portant because the seasonality of influenza in human populations in both
temperate and tropical climates is likely to be closely linked to human behav-
ioural and environmental factors.

One well-designed study examining this interaction between influenza sea-
sonality, climate and human behaviour from a tropical population in
Bangladesh suggested that the positive correlation between the peak of influ-
enza incidence with rainfall was due to the heavy rain driving people indoors,
where they are closer together so that viral transmission occurs more frequently
[39••]. There may also be a contribution from the potentially longer survival of
influenza in surface water droplets [40], which aremore prevalent in conditions
of high humidity and rainfall. This correlation appeared to work well for up to
five people per room in the household. However, the authors found that when
the number of people in the household reached five or more per room, the
correlation broke down. One suggested reason for this was that households
withmore children would have older children whowere partially or completely
immune to infection from previous exposure to influenza viruses. Yet, the
authors appeared to not have recorded the age of the individuals in the
household that they examined, nor to have taken any blood from them to
assess the presence of any cross-reacting protective immunity to other influenza
viruses to which they had been previously exposed. Whilst these additional
steps would probably have required additional ethical approval, and more
funding, these would have been achievable—if the authors had been able to
predict these possible outcomes of their initial analysis. Thus, a further study
covering these points would be very useful.

Another series of studies that lacked an additional environmental element
that would have been very helpful to try to resolve these questions of influenza
seasonality are the household influenza transmission studies by Cowling and
colleagues. Cowling and colleagues conducted a series of household transmis-
sion studies in subtropical Hong Kong, where the population density is one of
the highest in the world. Perhaps not unsurprisingly, they did find evidence of
household transmission. They also assessed the effectiveness of various
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interventions to reduce such transmission [41, 42, 43•, 44]. Whilst these
studies are valuable in assessing the degree to which members within a
household can potentially transmit the virus between one another, there
was no environmental measurement and correlation component to the
analysis. Also, in terms of extrapolating the findings of the potential for
influenza transmission between individuals to the community in gener-
al, the results from household studies are not very generalizable. The
household environment is very specific in that it entails close contact for
long duration between individuals who know each other intimately.
Therefore, it would be valuable to repeat such intensive sampling-
epidemiological modelling studies in the workplace and leisure/
shopping amenities, where transmission is mostly between colleagues
and/or strangers, where contact is more casual and less intimate, to
assess how intense such transmission events are in these environments.

Finally, there are many studies examining the correlation between
influenza incidence and outdoor meteorological conditions. This is
probably because this outdoor climate data is collected systematically
and routinely in most countries, and is often freely available from local
weather websites. In contrast, there are very few studies examining the
variety of indoor climates and influenza incidence, e.g. what is the
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Fig. 1. World map showing the location (indicated by their latitude/longitude) of the studies listed in Table 1, summarising the
correlation with influenza A incidence. Up arrow positive correlation, down arrow negative correlation, horizontal double-headed
arrow no significance correlation either way,mixed arrows separated by a slash a mixed correlation found among different studies for
the particular geographical location. T temperature; RH relative humidity; SP H specific humidity; OR odds ratio.
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average indoor temperature, and relative or absolute humidity through-
out the year in houses in temperate, subtropical and tropical countries?
Is there a diurnal variation to this? Particularly with people mostly
working outside the house during the day and sleeping in the house at
night? What different methods of indoor heating do people use (water
or oil-based, gas-based, electric, wood-burning systems, etc.)? This will
affect the indoor climate in which influenza transmission may occur.

Some older studies have linked changes in indoor heating methods
to cardiovascular mortality [45]. It is known that influenza infection can
exacerbate these conditions, so it makes sense that during the influenza
season, any indoor environment that favours prolonged influenza sur-
vival may contribute to such mortality. One Japanese study found that
more severe influenza infections were decreased in children living in
homes heated by kerosene or gas heaters. These heating methods pro-
duce water as a combustion by-product, thus increasing the indoor
ambient humidity [46], which is detrimental to influenza survival. More
recent studies have modelled the impact of altering temperature and
humidity on the airborne survival of influenza and have recommended
indoor humidification as a potential intervention to reduce the infection
rate [47, 48]. Multiple studies have detected airborne viruses in the
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indoor environment, usually citing the ‘potential’ for, though not actu-
ally demonstrating an actual, subsequent increase in the incidence of
new influenza infections arising as a direct consequence of these air-
borne viruses, in that same environment [49–51, 52••].

Other potential drivers and/or contributions to influenza
seasonality

It is worth recapping on some of the oft-discussed factors that are thought to
contribute to influenza seasonality. These are all interconnected and it is likely
that the seasonality of influenza in any particular population will depend on a
variable contribution from any of these factors, e.g. whether or not seasonal
influenza epidemics are triggered by either an imported virus or the persistence
of the previous season’s virus, or a combination of both, is still unclear [5••].
However, once that season’s virus enters that population, how it spreads in that
population will depend on the variety and combination of indoor versus
outdoor climate factors, and their impact on both virus survival and host
(human) behaviour and immunity.

Intrinsic oscillations
Intrinsic oscillations of influenza circulation and infection may exist at a fun-
damental host-pathogen-environment level that are independent of his be-
haviour and daily activities [19, 38••, 53–55]. However, although these oscil-
lations may well exist, the intrinsic oscillation cycles may be very difficult to
separate out from ‘extrinsic’ factors such as those associated with the diversity of
modern interconnected human behaviour in different cultures and climates.
Some of these human activities have their own cycles, superimposed on this
intrinsic cycle, e.g. the cycles of school terms, and the mass human movements
associated with the school holidays.

It is remarkable that these seasonality patterns in temperate and tropical
regions have remained so distinctive and robust over the past 50 years, a period
which spansmost of these influenza-climate correlation studies (Table 1, Figs. 1
and 2). This is despite the massive increase in the human population [56], travel
and connectivity (including the impact of the Internet). Hence, the continued
assertion by some authors that there must be some sort of fundamental,
underlying intrinsic oscillation of the influenza virus-human-environment cy-
cle seems plausible—but how can we reveal this more clearly?.

Teasing out the various contributing factors that sustain this intrinsic cycle is
difficult, but maybe easier in more isolated, rural communities, which are less
internationally connected. One potential site for such a study may be found in
rural China. With the relaxation of the one-child policy in China, there is an
opportunity to see how the increase in the number of newborns (and therefore
susceptible hosts) into each family impacts on the existing seasonal influenza
cycle in these communities. It has been suggested already that this change in
policy may potentially impact on the epidemiology of other viruses, such as
cytomegalovirus [57]. Will the incidence peaks just become higher? Or might
there be a phase shift in the timing of the peaks as well? There would have to be
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reasonably detailed medical records of confirmed influenza infections before
and after the lifting of this policy in such rural communities to be able to discern
any differences. With the recent increase in comprehensive surveillance for
human and animal (swine and avian) influenza infections in China, there are
likely to be some communities with good surveillance records that could
conduct this sort of study [58–61].

Factors affecting influenza virus survival
Factors affecting influenza virus survival (viability) and therefore transmission
in an outdoor setting include temperature, relative or absolute humidity, rain-
fall, sunlight hours and/or combinations of these parameters [39••, 62–64].
Although there have been many studies investigating these factors, not all of
them agree, which could be due to a difference in human behaviour patterns,
which themselves differ between seasons, cultures and countries—all
interacting in different ways, which just adds to the confusion [38••]. Again, a
good example of this are the well-defined annual peaks of influenza incidence
in the autumn/wintermonths in temperate countries, where people tend to stay
indoors in centrally heated homes, and where the warmer more humid air may
be less favourable to longer-term airborne influenza survival versus the all-year-
round low level of influenza incidence in tropical countries where indoor air-
conditioning is the norm, when the drier, cooler air is less favourable to
airborne influenza survival [34, 35, 47, 48].

Although the virus clearly needs to remain viable for long enough to
transmit to and infect the next host, another important factor is how much
viable virus is actually exhaled by an infected host and is then available in an
aerosol to transmit to another nearby susceptible host. Some recent studies have
shown that the amount of viable virus exhaled by an infected individual that is
then available to pass to another individual is relatively low, even if the initial
source host influenza viral load is very high [65••, 66, 67]. This implies that
some sort of attenuation or degradation process occurs during this viral shed-
ding or exhalation, indicating that prolonged and/or close contact may be
required to cause a secondary infection. Subsequent successful infection will
also depend on the degree of pre-existing immunity in the exposed contact, but
this may all explain why that even at the height of a influenza season, only 20–
30 % of people actually become infected with influenza [68•].

The emphasis is on aerosol transmission here, mainly because most non-
intimate, casual and stranger ‘conversational’ encounters do not involve direct
touching (though hand-shaking is a possibility in some situations) or shared
fomite contact. Whilst it is well-documented that influenza can survive for
several hours to days on various household materials and surfaces [69, 70], it is
not clear if the amount of viable virus surviving on these surfaces, after touching
then self-inoculating to mucous membranes, is sufficient to cause infection.

Studies attempting to quantify the types and numbers of viruses potentially
present during such daily human-human interactions, using naturally infected
volunteers should be possible. One way to do this in a study setting would be
for infected volunteers to wear a lapel button air-sampler [71] for a few days
whilst they are symptomatic and conducting their usual daily activities, whilst
keeping an ‘encounter’ diary of the proximity and duration of each human
contact in the following categories: intimate (family/household); work (at the

356 Viral Infections (J Tang, Section Editor)



workplace with colleagues) and casual/stranger (at shops, cinemas, restaurants)
encounters. Each of the exposed contacts would have been immunologically
characterised (using haemagglutination inhibition or microneutralisation as-
says) beforehand, as part of the study enrolment. Documented contacts would
then be followed up clinically and via laboratory testing to see if they eventually
develop infection with the same influenza virus, as confirmed using viral
sequencing techniques.

This sort of approach has been used in human volunteer studies (where
source and contacts interact in a specialised experimental environment), most
recently in the EMIT study [72]. These sorts of studies are potentially fraught
with possible confounders, e.g. the use of laboratory rather than wild-type viral
strains, unnatural means of inoculating the index cases with these laboratory
influenza strains, the impact of differing patterns of pre-existing immunity in
the exposed contacts [73••, 74]. Yet, such experiments may be the only way to
determine what concentration of airborne virus is required to cause secondary
infections via the airborne route—at least in a specific, experimental group of
well-characterised, albeit captive human volunteers.

Factors affecting host proximity
Factors affecting susceptible host proximity that may enhance influenza trans-
mission, mainly relate to crowding, either indoors (e.g. at home, on public
transport, at the workplace or in leisure or shopping amenities) or outdoors
(e.g. at sporting, entertainment or political demonstration events). The accept-
able degree of proximity is very much influenced by cultural norms, such as the
amount of personal space acceptable between individuals in a crowd. For
example, in Southeast Asia, it is acceptable for people tend to stand closer
together in crowds than in Western European and North American countries,
where such closer proximity may be found to be uncomfortable [75, 76]. The
potential for virus transmission is clearly enhanced where susceptible hosts are
closer together, as this intensifies any potential exposure from just a purely
physical dispersion and dilution viewpoint [67].

The studies by Cowling and colleagues [41, 42, 43•, 44] have already been
mentioned, but household transmission is a very specific scenario and it is not
clear how household transmission events compare, in terms of numbers of
secondary cases generated, with transmission occurring via more casual or
‘stranger’ style contacts in that population. The physical space available in
households versus workplaces versus leisure amenities also varies considerably
across the world, so the intensity of close, intimate household contact in a large,
spacious home in North America, for example may be less than that in a more
formal working environment in a cramped office in Hong Kong.

Overall, this hypothesis about human indoor crowding (i.e. susceptible host
proximity) offers a very tempting explanation. The argument seems to work
well for both colder, wetter temperate regions (where people stay inside cen-
trally heated environments) and hotter, more humid subtropical and tropical
regions (where people stay in air-conditioned environments), where such
indoor crowding can enhance influenza transmission. Certainly, laboratory
data on influenza survival indicates that the virus generally survives better in
colder, drier environments (such as those produced by air-conditioning) rather
than warmer, more humid environments (such as those produced by some
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forms of indoor heating) [77]. Perhaps in the latter case, the closer proximity of
susceptible hosts outweighs the decreased survival of the virus, as it may be able
to transmit into another susceptible host before it is sufficiently degraded by the
environment to make it non-infectious.

Studies characterising human social mixing behaviour are generally model-
based [78–81]. Whilst these models give a good idea of the contact networks
when these people are well, these behaviours may change when people become
ill. It is also unclear exactly how much transmission would actually occur be-
tween these contacts when these individuals are well versus when they are sick, as
both the source (index case) and contactsmay have differing levels of pre-existing
specific and/or cross-reactive immunity to various pathogens. Although sensitiv-
ity analyses within these models can be reassuring to some extent, they cannot
cover the variability of such individual characteristics—all of which can be
different for different pathogens, e.g. non-influenza viruses tend not to cause the
same degree of prostration that influenza does, so the behavioural differences
may be less between well versus infected individuals for these non-influenza
viruses. To take an extreme example, one of the reasons that the smallpox
‘contact-trace and isolate’ approach eradication campaign was so effective was
that when individuals were infected with smallpox, they felt so unwell that they
rarely left their bed or house [82], and were therefore easy to track and isolate. So,
some comparative observational studies of the same individuals’ (volunteers)
illness behaviour during periods when they are well versus when they are ill,
when infected with each of the different specific pathogens (e.g. influenza or
other respiratory viruses) would be useful to determine the validity of the
assumptions made and outcomes produced from these models.

Another potentially important angle is the potential risks that different spoken
languages may pose. Some common words in some languages may produce
more aerosolised virus due to the way they are pronounced [83]. Together with
the culturally acceptable closer proximity between people in some of the coun-
tries where such languages are spoken (e.g. Chinese and Japanese), this may
predispose to a more rapid spread of seasonal influenza viruses in those popu-
lations. Certainly, in one series of experiments, there was a difference in airflow
dissemination distance for certain numbers spoken in Mandarin Chinese com-
pared to English [84].

Factors affecting host susceptibility
Variations in host (human) susceptibility, i.e. the ability of the immune system
to protect against the virus, have been considered to be a major factor in
influenza seasonality in human populations. Factors considered as having an
impact on this include sunlight exposure and vitamin D levels [85, 86], pe-
ripheral blood lymphocyte activation responses [87], as well as psychological
factors [88, 89]. Some or all of these factors may be relevant to different degrees
in different individuals, but it is difficult to determine if any single one of these
is necessarily predominant in most people. The seasonal change in sunlight
exposure (and therefore human vitamin D levels) with latitude is perhaps the
most generalisable [85, 86]. This also ties in with the more seasonally defined
peaks and troughs of influenza incidence in more temperate countries where
there is a distinct and significant change in the number of sunlight hours with
the seasons. Whilst some aspects of this hypothesis are still controversial [90,
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91], there seems to be increasing support for the role of adequate vitamin D
levels being necessary to aid the effective immune clearance of respiratory
infections [92–94].

Children are particularly vulnerable to influenza infection, as they do
not have a long history of exposure to influenza and thus have not
acquired a large spectrum of immunity to the different strains. Children
are more susceptible to severe influenza infection than adults and may
shed the virus at higher loads for longer, and are therefore significant
sources of influenza infection for adults who come into contact with
them. Whilst many influenza transmission and intervention modelling
studies have been performed in schools, the recommended intervention
of widespread school closures are rather impractical and may have severe
economic impact on parents and carers alike [95–98].

Using a different approach, a series of papers modelling the potential
effect of immunising school children (aged 2–16 years) against seasonal
influenza has demonstrated significant benefits in terms of cost-
effectiveness and cost-savings [99–104]. This apparent benefit has been so
convincing that this paediatric influenza immunisation policy has now
been implemented in UK schools, from 2014 onwards. It will be of
interest to see if the predicted benefits from these models become a
reality in this population, in terms of lower numbers of influenza infec-
tions in both the paediatric and their related adult populations, over the
next few influenza seasons. Depending on the uptake and effectiveness of
this vaccination programme, this may reduce the amplitude of the annual
seasonal influenza incidence peak. It will be of even more interest to see
if this paediatric influenza immunisation policy can also affect the dis-
tinctive timing of this seasonal influenza peak.

Even newborn babies have been shown to acquire some maternal
antibodies that are potentially protective (as demonstrated by postnatal
serological measurements) to currently circulating viruses, either by nat-
ural infection or influenza immunisation of the mother [105–107]. In
fact guidelines for pregnant women now recommend influenza vaccina-
tion at any time during their pregnancy [108–110], both to protect the
mother during pregnancy, but also, to offer the possibility that in the
third trimester, vaccine-induced maternal antibodies may pass to the
newborn and offer some short-lived protection postnatally, whilst its own
immune system matures. If this recommendation is adopted widely, it
will be of interest to see how this may possibly alter the local seasonal
influenza peak incidence and timing, as compared to the previous era
when influenza immunisation during pregnancy was rare.

The rapidity with which a new pandemic influenza virus moves through a
global population again suggests that existing host immunity is an important
factor in the establishment of seasonality. Once the new virus has infected the
majority of the global population, then, presumably, the intrinsic oscillation
cycles of annual seasonal influenza epidemics will begin. This pattern has been
consistently followed in the 1918 A/H1N1, 1957 AH2N2, 1968 A/H3N2 and
2009 A/H1N1pdm09 influenza pandemics over the past century [111]. This
indicates that the lack of host immunity to the new virus is important to allow
the seeding of a new virus (and the displacement of the previous subtype) prior
to the kick-starting of the intrinsic seasonal influenza oscillation cycle.
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Interestingly, the apparent duration of the previous influenza pandemics
seem to be similar—all lasting around 6–12 months [111, 112]. Whilst it
is difficult to ascertain the exact onset of a pandemic (when a new
influenza virus enters the human population) and its end (when the new
virus has effectively infected virtually every individual on the planet), it is
remarkable that despite the development of accessible, rapid, global trans-
port, the new virus still needs a similar amount of time to reach all the
susceptible individuals on the planet.

Data published by the International Air Travel Association showed that
during 1950–2010, the global air passenger numbers grew from 0 to about 3.5
billion [113], a growth rate of about 58.3 × 106 passengers/year. During the
same period, the world population grew from 2.5 to 7 billion [114], a growth
rate of about 75 × 106 total number of living humans on Earth/year. Despite the
crudeness of this comparison (as some people travel frequently and others not
at all—though they may well have sufficient contact with those that do), the
similarity of these figures suggests that despite very different world populations
at the time of each of the influenza pandemics, the travel-assisted spread of a
pandemic virus, internationally, to a rapidly increasing global population
within a seemingly constant 6–12-month period, has been made potentially
possible by a similar and matching increase in global passenger transport.

Apart from man-made modes of transport for the virus, there has been a
long-standing hypothesis about the atmospheric transport of influenza viruses
[115], though this is very difficult to prove. Even with the improved sensitivity
of molecular detection assays for influenza, it is not possible to sample any
significant fraction of the vast atmospheric air volume to confirm or exclude the
presence and movement of viable influenza virus at various altitudes in differ-
ent directions. However, given the intense solar ultraviolet exposure to which
these atmospheric airborne viruses would be subjected, their long-term, air-
borne viability seems unlikely [54].

Human (host) movement
The hypothesis of global, travel-assisted transport of pandemic influenza viruses
above has received some support from various recent studies suggesting that
human movement (as carriers of the virus) may be an important factor in the
patterns of influenza infection that we are observing, globally [116, 117, 118•,
119]. However, it is difficult to ascertain how significant this contributormight be
to the global patterns of influenza actually observed. Whilst the approaches are
elegant, these inferences are nevertheless drawn from human and viral popula-
tion level analyses, coupling influenza virus phylodynamics, patterns of influenza
antigenicity and passenger transport data, rather than from data obtained from
directly sampling individuals travelling between various destinations. Although
this may invalidate this modelling approach, it is difficult to evaluate the various
assumptions in the model (as with any model) without some empirical data
from those who actually travel these routes and test whether or not they are
infected with influenza, and ascertain exactly where their infection originated and
their final destination—indeed some of the modellers themselves have also
called for more of this type of epidemiological data [54].

With a dedicated laboratory network and enthusiastic and committed
participant/passenger efforts, it should not be too difficult. Consenting adults and
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their families could be supplied with several self-sampling viral swab kits for each
person in their travelling party. Theywould then be instructed to swab themselves
just before they travel (either a nasopharyngeal or oropharyngeal swab), then
again during any prolonged stopovers (say 912 h), then again upon arrival at
their destination. They would then all swab themselves further if any of their
travelling party became symptomatic during their holidays, then again before
they boarded their return flight (and again, during any prolonged stopover on the
return flight), then again once they arrived home. In addition, they would be
asked to swab themselves 3–4 days later after returning home, whether symp-
tomatic or not, just to catch any viral infection that may have been incubating
during their return journey. All the swabs would then be sent to the designated
research lab for testing and sequencing, if positive for influenza or any other
respiratory viruses of interest. The participants would be advised to store any
samples (and unused virus transport medium with the sampling kits, which
might be needed later) in a fridge whenever possible—special containers and
labels would be provided. Ideally, any swabs that are taken would be sent to any
of a variety of participating laboratories around the world that is closest to them
for testing, at the origin, stopover and destination stops, to avoid carrying clinical
samples on the plane itself. This will also reduce the delay in testing these samples
and maximise their viral yield. Thus, perhaps, only certain routes with such
collaborating laboratories already in place would be eligible for such a study.

Again, it is remarkable that despite the massive rise in air passenger numbers
over the last 40–50 years [113], several studies that have reviewed the timing of past
annual seasonal influenza epidemics have shown that the timing of peak influenza
incidence has not changed much (if at all) during this period [120–123]. Perhaps,
this could be considered as additional support for a strong, fundamental intrinsic
oscillation cycle, as advocated by some researchers [19, 38••, 53–55].

Conclusions

Are we any further forward? Yes, we think so. With each new study, some old
questions are answered and new questions are raised. Experiments (and
models) can be designed to address them in the hope that we may eventually
achieve a level of understanding that has both a practical utility, as well as being
a fundamental scientific achievement. However, ongoing new developments in
technology and new social trends (like the massive increase in air travel to
previously more remote and/or less accessible areas for new tourism—like
China and Mongolia, the explosion of the Internet with the rapid rise and
increasingly widespread use of social media) may keep introducing new factors
that may add to or change the already complex interaction of the contributing
factors currently under investigation.

One example of this is the current trend in diagnostic technology for
respiratory pathogens, where there is an increasingly widespread use of multi-
plex PCR or microarray-based assays that allows the detection of multiple
pathogens in one sample.

With this technology, it is possible now to assess the clinical impact
of influenza mono- or co-infection with other respiratory viruses on the
clinical severity of illness, and how this may impact on human illness
(and therefore social mixing) behaviour. With a little diagnostic assay
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customisation, it is also possible to quantify the level and duration of
viral shedding from different sample types (and therefore anatomical
sites). Co-infections may result in higher influenza viral loads to be shed
via different routes (i.e. airborne and contact) for longer, thereby en-
hancing the potential transmissibility of influenza in such patients. In
fact, it is still unclear whether multiple infections with respiratory viruses
necessarily leads to more severe disease [124••, 125–128], but the use
of these assays is still expanding (they are not cheap at present) and it is
likely that a clearer picture will emerge on this question, fairly soon.

So, perhaps any intrinsic host-pathogen-environment oscillation cycle is
dependent on not just one pathogen (influenza), but also its interactions with
other, co-infecting respiratory pathogens (together with their varied host im-
mune experience and responses), which were not routinely detected using
older, less sensitive diagnostic assays. Thus, age-related, immunologically vari-
able, multiply co-infected individuals (probably mostly children) could also be
contributing to such an intrinsic oscillation. However, like the other factors
driving influenza seasonality, the contribution and impact of these co-infecting
respiratory viruses will vary between different populations, cultures and cli-
mates, via changing immunological host profiles which are themselves driven
by their local seasonal respiratory virus incidence, in these environments. Then,
as always, more studies from different regions will be needed to clarify the
answer to these (and other related) questions, to allow us to further understand
the underlying basis for the global seasonality of influenza.
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