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Abstract

Seasonality, a periodic surge in disease incidence corresponding to
seasons or other calendar periods, characterizes many infectious dis-
eases of public health importance. The recognition of seasonal pat-
terns in infectious disease occurrence dates back at least as far as the
Hippocratic era, but mechanisms underlying seasonality of person-
to-person transmitted diseases are not well understood. Improved
understanding will enhance understanding of host-pathogen inter-
actions and will improve the accuracy of public health surveillance
and forecasting systems. Insight into seasonal disease patterns may
be gained through the use of autocorrelation methods or construc-
tion of periodograms, while seasonal oscillation of infectious diseases
can be easily simulated using simple transmission models. Models
demonstrate that small seasonal changes in host or pathogen factors
may be sufficient to create large seasonal surges in disease incidence,
which may be important particularly in the context of global climate
change. Seasonality represents a rich area for future research.
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INTRODUCTION

Seasonality, a periodic surge in disease
incidence corresponding to seasons or other
stereotyped calendar periods, is characteristic
of many infectious diseases of public health
importance (24). Occurrence of noninfec-
tious sources of morbidity and mortality may
also display seasonal fluctuations, although
these fluctuations are often attributed to the
presence or absence of epidemic respiratory
diseases, such asinfluenza (28, 67). The recog-
nition of seasonality of disease occurrence
is longstanding, dating at least to the time
of Hippocrates (~380 Bc) (41). Nonetheless,
the mechanisms underlying seasonality of
infectious disease occurrence remain poorly
understood. As Dowell & Ho (24) wrote in the
aftermath of the 2003 outbreak of
coronavirus-associated severe acute res-

piratory syndrome (SARS),

Nearly every important respiratory
pathogen of human beings exhibits distinct
seasonal variations, yet after hundreds
of years of observing and documenting
this phenomenon modern science has
only superficial observations and largely
untested theories about the underlying
causes. Is it the cold? Dry air? Crowding
together of people indoors in winter?
Where do pathogens such as influenza
and respiratory syncytial virus (RSV) go
in the summertime? Do they migrate
across the equator and return the following
winter, or do they remain present at low
levels in human or animal populations
until environmental or host conditions are

suitable for re-emergence?

Here, I attempt to address several current
questions and controversies related to season-
ality of infectious diseases. The review begins
with a discussion of the historical recogni-
tion of disease seasonality. Given the tru-
ism that “you can’t change the weather,” it
seems appropriate to forward to current pub-
lic health problems arguments related to the

Fisman

relevance and immediacy of problems of sea-
sonality, weather, and other environmental
factors, particularly those problems that con-
cern emerging and reemerging infectious dis-
eases. I present a necessarily brief review of
methodological tools available for the study
of seasonality and provide a review of what
is known (and not known) about underlying
mechanisms of seasonality and conclude by
discussing the relationship of seasonality to
geographic latitude and hemisphere and to
major climatic events.

HISTORICAL PERSPECTIVES

Recognition of seasonality in disease oc-
currence dates back at least as far as the
Hippocratic era (~380 Bc) (41). Hippocratic
medicine emphasized the interaction of indi-
viduals’ constitutions with the physical envi-
ronmentin the development of disease in such
tracts as Airs, Waters, Places and the first book
of the Hippocratic Epidemics. Epidemics be-
gins with a description of weather, noting that
“there was much rain in Thasos about the time
of the autumnal equinox. . .,” and describes a
subsequent season, as remarkable for a dry,
windy spell followed by rains, which causes
“cases of paralysis [which] became common,
constituting an epidemic” (41). In later writ-
ings, such as those of the Roman physician
Galen (ap 179 to ~216), disease is literally a
consequence of internalization of the weather,
with disease ascribed to excess heat, cold, dry-
ness, or wetness of the liver, brain, testicles,
and other organs (31).

The historical concept of miasma is closely
related to the concept of weather in the gen-
esis of disease. The late Professor Roy Porter
defined miasma as “gases given off by putre-
tying, decomposing organic matter, flesh and
vegetables,” which, if inhaled, can give rise to
disease (66). The notion of a corrupted en-
vironment appears in the writings of the Ro-
man natural historian Lucretius (~55 Bc), who
ascribes “pestilence and plague” to “atoms”
which may arise “from the earth when it has
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been rotted by drenching, with unseasonable
rains and pelting with sunbeams” (54).

Classic theories of pathogenesis remained
central to western medicine untl the sev-
enteenth century (66). However, although
that century saw the emergence of mi-
croscopy, chemistry, physiology, and anatomy
as sciences that would ultimately undermine
humoral notions of health and disease, medi-
cal practice was still firmly rooted in Hippo-
cratic ideas (66). In fact, clinical innovators
such as the English physician Thomas Syden-
ham (1624-1689) rejected emerging medical
science in favor of close observation of dis-
ease in the Hippocratic tradition (66). True
to his Hippocratic ideals, Sydenham empha-
sized weather and season in the genesis of
fevers and distinguished between seasonally
recurrent fevers, which he called “intercur-
rent fevers,” and periodic epidemics, which he
called “stationary fevers” (77). Current under-
standing of the link between climate, season,
and miasma was well articulated by Benjamin
Rush of Philadelphia, an eighteenth-century
physician and polymath. Rush stressed that
although exposure to miasma could initiate
a disease process, the stimulatory effects of
weather were necessary to “excite” the “dor-
mant seeds of disease into action” and coun-
seled that “[i]n leaving a place infected by mi-
asmata, care should be taken not to expose
the body to great cold, heat, or fatigue for
eighteen or twenty days” (70). Other, lesser-
known medical writers also composed trea-
tises on the impact of weather on fevers and
epidemics (Figure 1).

The decline of the perceived importance
of the physical environment and miasma in
the genesis of febrile illnesses and plagues
may begin with John Snow’s work during
the 1854 London cholera epidemic. Snow
argued for the existence of contagious parti-
cles, rather than miasma, as the cause of the
cholera epidemic; according to Snow’s model,
such particles multiplied in an ill individual
and could be transmitted over short distances
by fecal-oral transmission and over longer

distances through contamination of the water
supply (86). Subsequent work by Robert
Koch and Louis Pasteur affirmed Snow’s
intuitions, invalidated notions of sponta-
neous generation and miasma, and identified
the principle of microbial specificity for
individual diseases (66).

Nonetheless, awareness of the seasonal na-
ture of infectious diseases persisted through
the late nineteenth and early twentieth
centuries. August Hirsch (42), in his three-
volume Handbook of Geographical and Histori-
cal Pathology (1881), comments on the season-
ality of a wide variety of infectious diseases,
including erisypelas, pinta, measles, typhus,
typhoid, yellow fever, cholera, and guinea-
worm infection. Hirsch argued against the
notion that season or weather is associated
with influenza epidemics (42), as did Robert
Graves, a nineteenth-century Irish physician
credited with identifying “excess mortality” as
a metric of influenza activity (32, 34). Perhaps
wintertime influenza seasonality was less ap-
parent to nineteenth-century physicians ow-
ing to the far larger peak of summertime infec-
tious disease mortality, which was presumably
due to typhoid and dysentery (9) (Figure 2).

In the early twentieth century, several at-
tempts were made to link climatologic vari-
ables to pneumonia and influenza mortal-
ity and to all-cause mortality (4, 36, 43). In
the United States, weekly surveillance for in-
fluenza and pneumonia deaths was initiated
during the great influenza pandemic of 1918—
1919, providing epidemiologists with a much
higher degree of resolution for the study
of seasonal and annual trends in the occur-
rence of respiratory disease, leading Selwyn
Collins (17) to devise an influenza surveillance
methodology that compared current deaths
with seasonal expectations. This approach still
provides the conceptual basis for current in-
fluenza surveillance methodologies (32). The
degree to which wintertime excess all-cause
mortality can be attributed to circulating in-
fluenza virus remains controversial (22, 28,

67).
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Figure 1

Front matter from
William Hillary’s
Account of the
Principal Variations
of the Weather and
the Concomitant
Epidemical Diseases
[1740] (40a).
Hillary was an
English physician
who studied under
Hermann
Boerhaave in
Leiden and whose
Diseases of Barbados
(1759) may have
been the first
English-language
work on tropical
medicine (13).
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PUBLIC HEALTH IMPORTANCE
OF SEASONALITY

Although the seasonality of infectious disease
occurrence may be startling in its regularity, it
is reasonable to ask what public health benefit
can be expected if resources are devoted to the
study of seasonality. In recent years, the emer-
gence of novel respiratory pathogens such as
the SARS-associated coronavirus (24), con-
cern about the mechanisms that could drive
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pandemic influenza transmission (27), and a
desire for improved tools for forecasting of
infectious disease occurrence in the context
of global climate change have all contributed
to a resurgence in interest in the seasonality
of infectious diseases (50).

At least four potential benefits may accrue
from the study of the seasonality of infectious
disease occurrence: (#) improved understand-
ing of host and pathogen biology and ecology,
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Figure 2

Temporal trends in mortality (upper section) and humidity and temperature (fower section) in New York
City in 1887, as presented by Huntington (43). The lowermost mortality curve in the upper panel shows
wintertime seasonality of pneumonia and influenza deaths; however, this pattern is less impressive than
the summertime surge in all-cause mortality in children and adults shown in the same panel.

(#) enhanced accuracy of surveillance systems,
(¢) improved ability to predict epidemics and
pandemics, and (d) better understanding of
the long-term implications of global climate
change for infectious disease control. The lat-
ter three benefits are discussed in this section,
while understanding of hostand pathogen fac-
tors is described below.

The CDC Working Group on Public
Health Surveillance Systems defines public
health surveillance as “the ongoing, system-
atic collection, analysis, interpretation, and
dissemination of data about a health-related
event for use in public health action to re-
duce morbidity and mortality and to improve
health” (16) and notes that outbreak iden-
tification requires “an increase in frequency
of disease above the background occurrence
of the disease” (16). This model implies that
one can estimate a reliable background inci-
dence of disease (46, 56). Seasonal background
rates of disease are built into such emerging
surveillance tools as the INFERNO system

(60), as well as more traditional tools such
as the models for surveillance of pneumo-
nia and influenza mortality described above
(32). However, if improved understanding of
factors underlying seasonality leads to identi-
fication of environmental factors that are pre-
dictably associated with changes in commu-
nicable disease patterns, accounting for such
effects would both improve estimation of ex-
pected baseline levels of disease occurrence
and enhance the specificity and predictive va-
lidity of public health surveillance systems.
Seasonal and weather-related epidemics of
malaria, cholera, and influenza constitute ma-
jor sources of morbidity and mortality world-
wide (50), and the possible emergence of a
highly virulent pandemic influenza strain is
a major concern at the time of writing (62).
However, surveillance functions to alert pub-
lic health officials to health events occurring in
communities, prediction or forecasting of epi-
demics, oridentification of events that provide
early warning of incipient epidemics would
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increase the time available to public health
agencies charged with providing resources
and expertise to minimize the impact of epi-
demics. As noted in a recent World Health
Organization report on climate and predic-
tion of infectious disease epidemics, the con-
struction of weather- and climate-based sys-
tems to provide early warning of incipient
epidemics is now technologically feasible and
could provide considerable population health
benefitif informational, structural, and mone-
tary barriers to implementation could be over-
come (50).

The potential utility of such systems is
enhanced in the face of marked and on-
going global climate change; global warm-
ing may change the reproductive capacity of
pathogens and vectors, alter the survival of
pathogens in the physical environment, al-
ter patterns of water use and availability, and
increase the likelihood of extreme weather
events. All these factors could have a sig-
nificant impact on the incidence and sea-
sonal patterns of infectious disease occurrence

(39, 50).

METHODS FOR THE STUDY OF
SEASONALITY OF INFECTIOUS
DISEASES

Seasonality of infectious disease occurrence is
studied empirically using a variety of tools,
particularly those appropriate for time-series
data. Additional insights into the mecha-
nisms underlying seasonality may be ob-
tained through the use of mathematical mod-
els of infectious diseases. Here, I use public
health surveillance data on legionellosis (1995
to 2003) and invasive pneumococcal disease
(2002 to 20006) to illustrate certain concepts
(C. Victor Spain, Phila. Dep. Public Health,
unpublished data).

Statistical Tools

The simplest approach to the study of sea-
sonality of infectious disease may be to aggre-
gate cases according to predefined seasons and
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then use statistical methods appropriate for
the comparison of counts, rates, or propor-
tions across seasonal categories (Figure 3).
For example, in aggregating legionellosis and
pneumococcal disease incidence by season
of occurrence for Philadelphia county, one
finds that an increased risk of pneumococ-
cal disease is seen in wintertime relative to
other seasons [incidence rate ratio (IRR) 1.50,
95% CI 1.21 to 1.85], whereas the risk of
legionellosis is increased in summer relative
to other seasons (IRR 3.63, 95% CI 2.43
to 5.47).

Although such an approach is common in
practice, aggregation of cases in this manner
results in loss of information and may ob-
scure patterns in disease occurrence that are
not strictly seasonal (for example, the reader
can see in Figure 3 that the incidence of
pneumococcal disease is almost identical in
spring months as in winter months). Further-
more, aggregation across years obscures such
effects as the biannual periodicity associated
with measles in the era prior to vaccination
(6, 29). Thus the use of time-series methods
offersadvantages over simple categorical anal-
yses of communicable disease data. A com-
plete review of time-series analysis as applied
to the study of seasonality is beyond the scope
of this chapter, but these methods are the sub-
ject of several complete texts (15, 20) and an
excellent review of their use appeared in the
Annual Review of Public Health in 2006 (89).

As Zeger and colleagues note, compre-
hension of time-series data may be enhanced
by breaking series down into “smooth” and
“rough” components, such that smooth com-
ponents may represent seasonal or monthly
periodicity or even long-term trends (89). The
principal approach for the description of sea-
sonal trends in time-series data related to in-
fectious disease occurrence are the autocor-
relogram and the periodogram (6, 89). The
former tool permits graphical representation
of the “autocorrelation coefficient,” which is
itself a measure of the degree of noninde-
pendence between serial points in a time se-
ries. The latter tool plots the fit of cosine



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

regression models with varying oscillatory
frequency to time-series data (89).

Autocorrelograms for invasive pneumo-
coccal disease and legionellosis in Philadel-
phia county are presented in Figure 4. It
can be seen that for both diseases, a surge
in the magnitude of the autocorrelation co-
efficient occurs at ~12 months, consistent
with an annual cycle of disease occurrence.
Periodograms for the same diseases are pre-
sented in Figure 5). Here the spectrum (de-
fined as the maximum squared amplitude of
a cosine regression model with a given fre-
quency) is plotted against underlying fre-
quency. The largest peak is seen at a fre-
quency of 1/12, which again corresponds to
annual periodicity of disease occurrence. Of
note, a second smaller peak is seen for le-
gionellosis at 1/24, suggesting the possibil-
ity of biannual periodicity of legionellosis as
well.

Such oscillatory frequencies may be incor-
porated into regression models to control di-
rectly for underlying seasonal trends; mod-
els that explicitly account for autocovariance
structure may be used to achieve similar ends.
Controlling for nonindependence of events or
underlying trends on various time scales (e.g.,
season Or year) may permit investigators to
focus on acute changes in population behav-
ior or environmental effects within seasons,
which may in turn explain year-to-year varia-
tion in disease incidence.

We used a Poisson regression model in-
corporating both seasonal and annual com-
ponents to predict the monthly incidence
of legionellosis in the five-county greater
Philadelphia metropolitan area (GPMA)
(Figure 6) (30). This model took the form
of

E(Y) = exp(x + 3, (year)
+ B,(sin(2 - month/12))
+ B3(cos(2 - month/12))), 1.

where E(Y) was the expected case count in a
given month and year, « was a constant, and

each f3; represented a regression coefficient
for year or month.

Although the overall fit of such a model
is reasonable, there is still substantial month-
to-month departure from expected case
numbers. If several events can be expected on
a daily basis, time-series models based on a
Poisson distribution may provide important
insight into factors driving event occurrence.
For example, Schwartz and colleagues (71, 72)
used such an approach to document the close
relationship between drinking water turbid-
ity and diarrhea-related emergency room vis-
its in Philadelphia; a similar approach taken by
Aramini and colleagues (8) in Vancouver iden-
tified a similar relationship (Figure 7). This
approach can be modified when the outcome
of interest is a surge in disease activity rather
than absolute case numbers, as Teklehaimot
and colleagues have done in their work linking
climatic conditions to acute surges in malaria
cases (80, 81).

The use of temporally aggregated expo-
sure data and aggregated case counts may
make it difficult to control for confounding
by coincident population or environmental ef-
fects because of a lack of granularity to expo-
sure data. Furthermore, aggregation may in-
troduce a type of “ecological fallacy” (48) in
that average or aggregate environmental ex-
posures may be quite different from the expo-
sures that actually drive disease occurrence.
However, it is not uncommon to aggregate
communicable disease data at the weekly or
monthly level, in part because many infectious
diseases of public health importance are rare.
Our group, and others, has identified case-
crossover study design as a useful alternative
to time-series methods for the study of en-
vironmental effects in communicable disease
occurrence when outcome data are sparse (21,
30, 82). This design is analogous to a matched
case-control study, with individuals serving as
their own controls (55).

We found the case-crossover design useful
in distinguishing average seasonal effects from
acute environmental effects in the study of le-
gionellosis occurrence in the GPMA. Using
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Point-wise significance testing
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Impact of water turbidity on risk of diarrhea-related visits to children’s hospitals in the Vancouver,
Canada, area, 1996-1999, as presented in Reference 8. It can be seen that increased turbidity increases
the risk at lags of ~10 days and 24 days; these different lags may represent diarrhea caused by pathogens
with differing incubation periods. Source: Reference 8. Reproduced with the permission of the Minister
of Public Works and Government Services Canada, 2006.

a Poisson regression approach, monthly case
counts were strongly predicted by increasing
average temperatures (IRR per 1°C increase
in temperature 1.07, 95% CI 1.05 to 1.090),
as would be expected given the summertime
seasonality of legionellosis in Philadelphia.
However, using a case-crossover approach, an
acute increase in legionellosis risk (IRR 2.48,
95% CI 1.30-3.12) was seen 6-9 days after
rainfall, an effect consistent with the water-
borne ecology of this pathogen (30).

Mathematical Modeling

Aswith time-series methods, a comprehensive
accounting of the role of mathematical mod-
eling in the study of infectious disease season-
ality is beyond the scope of this review, and
the interested reader is referred to a standard
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reference work on this subject (6), as well as
to an excellent review of mathematical mod-
eling of seasonality that recently appeared in
the ecology literature (3).

A common approach to infectious disease
modeling involves the use of a compartmen-
tal model of infection, with individuals clas-
sified as susceptible to infection, infectious,
or recovered from infection (and permanently
or transiently immune to further infection)
(27). The rate of transition between health
states is defined by ordinary differential equa-
tions. Here is a model in a closed population,
with transient immunity, similar to that uti-
lized by Dushoff and colleagues in their work
27):

dS/dt = —BSI+ (N —I—S)/L and 2.
dI/dt = SI —1/D, 3.
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such that S, I, and N represent the number
of susceptible and infectious individuals and
the total population size, respectively, B rep-
resents the transmissibility of disease from in-
fectious to susceptible individuals, and L and
D represent the duration of immunity and du-
ration of infectiousness, respectively.

In models in which immunity is transient,
and those in which immunity is permanent
but in which the population is dynamic (i.e.,
gains and losses of susceptible individuals over
time), the number of infectious individuals
will oscillate at some fixed periodicity until an
equilibrium prevalence of disease is reached
(Figure 8). The period of oscillation is equiv-
alent to

2n[DL/(1 — Ry, 4.

where Ry is the “basic reproductive number”
of the pathogen in question (i.e., the average
number of secondary cases generated by a sin-
gle infectious case introduced into a suscepti-
ble population). In models in which immunity
is permanent, but oscillation occurs as a result
of introduction of new susceptibles via birth, L
represents average life expectancy rather than
duration of immunity.

Seasonal forcing can be simulated easily in
such models by adding an oscillatory compo-
nent to 3 (Figure 8). Dushoff and cowork-
ers (27) performed a series of simple stochas-
tic simulations of influenza transmission to
demonstrate that “resonance,” analogous to
that seen in physical systems, occurs when the
period of the oscillatory factor is close to the
natural period of oscillation. Such resonance
leads to seasonal surges in disease incidence,
even when the absolute magnitude of the sea-
sonal forcing factor is minute (27).

Similarly, mathematical models of measles
with dynamic populations show biannual
surges in disease incidence when annual forc-
ing factors are introduced, mirroring the pat-
tern of disease that was seen in the era prior
to vaccination (6, 29). Other important in-
sights into the seasonal and periodic behavior
of infectious disease processes, with relevance
to public health practice, have been derived

from simple mathematical models. For exam-
ple, Yorke and colleagues (87) showed that
variation in the size of seasonal measles out-
breaks can be explained by fluctuation in the
number of susceptible individuals, indepen-
dent of changes in transmissibility, whereas
Earn and colleagues (29) showed that the sea-
sonal periodicity of measles is expected to be
disrupted by increasing the proportion of the
population vaccinated, with disease patterns
becoming increasingly chaotic.

MECHANISMS UNDERLYING
SEASONALITY

The obvious correlation between the rhyth-
mic change of seasons and both environmen-
tal effects and population behaviors has led
many observers to ascribe the causation of
seasonality of disease to readily appreciable
seasonal phenomena, including weather, pol-
lution, and seasonal human activities. Below
I briefly describe the available evidence sup-
porting these mechanisms as drivers of infec-
tious disease seasonality.

However, the following description car-
ries two important caveats: First, the seasonal
cooccurrence of so many different phenom-
ena, as noted above, makes problematic the
identification of causal relationships between
exposures and disease occurrence. Even using
a daily time scale, an apparent relationship be-
tween an environmental exposure and disease
occurrence may actually be confounded by an-
other measured or unmeasured exposure. Sec-
ond, as noted by Dushoff and colleagues (27),
the size of a seasonal “forcing factor” neces-
sary to generate large-scale oscillations in dis-
ease may be only a small fraction of the annual
average force of infection, and thus may be
effectively unmeasurable.

Population Behaviors

Human behaviors, rituals, and activities have
a seasonal rhythm that is often invoked to
explain the seasonal occurrence of infec-
tious diseases. Under such a model, seasonal
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oscillation in disease transmission results from
increased transmissibility of pathogens owing
to increased proximity of humans to one an-
other or to increased exposure to pathogens.
For example, Anderson & May (6) note that
“bringing of students together at the start
of the school year [can] produce annual cy-
cles in disease transmission efficiency.” Dow-
ell (25) notes that the mid-winter spike in in-
vasive pneumococcal disease incidence seen
in a U.S. population-based surveillance pro-
gram occurs “at a time when many U.S. fam-
ilies gather for Christmas and New Year’s
holidays.” Such gatherings could provide op-
portunities for transmission of pneumococ-
cus from asymptomatically colonized children
to older relatives at risk for invasive disease.
However, despite being intuitively attractive
and biologically plausible, little empiric data
exist to permit quantification of the relative
importance of population behavior and sea-
sonal migration in seasonality of infectious
disease occurrence.

Pathogen-Pathogen Interactions

Talbot and others proposed that the season-
ality of some infectious diseases is actually
driven by the seasonal occurrence of other
infectious diseases. For example, the coinci-
dence of peak incidence of invasive pneumo-
coccal and meningococcal disease with “in-
fluenza season” in North America has led
some investigators to postulate that modifica-
tion of the host immune response as a result
of influenza infection predisposes to infection
with these pathogens (38, 78). Other examples
of diseases with shared seasonality and the po-
tential for pathogen-pathogen interaction in-
clude invasive group A streptococcal disease
and varicella zoster virus infection (53), and
bacterial superinfection in children with sea-
sonal measles virus infection (26). However,
the seasonal cooccurrence of infectious dis-
eases may result from other, unmeasured sea-
sonal factors and may not reflect any actual
interaction between infections. Clearly, when
two infectious diseases have similar patterns
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of seasonality, regression of one disease inci-
dence on another will result in the detection
of a casual correlation between the two.

Environmental Effects on Pathogens

As changes in season bring predictable
changes in the physical environment, it might
be postulated that seasonality of infectious
disease occurrence is driven by seasonal en-
vironmental effects on pathogen abundance,
survival, or virulence. For example, the abun-
dance of such waterborne agents of human
disease as Vibrio cholerae and Legionella pneu-
mophila in source waters increases with in-
creasing water temperature; consequently, an
exposure to warmer contaminated source wa-
ter will be associated with an increased in-
oculum of the pathogen in question (39, 75).
As Harvell and colleagues (39) state, “[long-
term] increases in temperature.. .allow the
peak value of Ry to increase [and] also lead
to an increased annual duration of the pe-
riod during which the pathogen is a problem.”
Changes in rainfall patterns can also result in
increased breeding sites for insect vectors of
disease (80) and can wash pathogens or nutri-
ents into source waters (30, 82).

For respiratory viruses such as influenza,
and gastrointestinal viruses including ro-
tavirus and poliovirus, seasonal changes in hu-
midity have been credited with improving the
duration of viral survival in the environment,
increasing opportunities for hosts to inhale
aerosolized virus or to become inoculated as
a result of contact with contaminated surfaces
(7, 24, 40).

Finally, seasonal environmental changes
could directly or indirectly influence the vir-
ulence of pathogens. Temperature and other
environmental stresses influence expression of
virulence factors in important pathogens in-
cluding Legionella, Shigella, Yersinia, Streptococ-
cus and Neisseria species, verotoxigenic E. coli,
and other pathogens (12, 33, 45, 51, 52, 58,
59, 68, 88). The virulence of infection may
also be modified indirectly via seasonal influ-
ences on route of inoculation. For example,
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Currie Jacups (19) noted increased case-
fatality rates with melioidosis acquired in the
context of heavy rains and winds in the North-
ern Territory of Australia, an observation con-
sistent with an increased risk of more viru-
lent inhalational melioidosis in the context of
monsoon weather.

Environmental Effects: Hosts

Seasonal environmental factors could also in-
fluence host susceptibility to infection, either
as a result of seasonal changes in host im-
mune function or as a result of direct envi-
ronmental effects on host defenses. Dowell
(23) reviewed the seasonal fluctuations in sea-
sonality of mammalian susceptibility to in-
fection and human immune function (includ-
ing changes in humoral and cellular immune
function), and he concluded that changes in
human susceptibility, driven perhaps by sea-
sonal changes in photoperiod, could serve
as a key driver of infectious disease season-
ality. A recent hypothesis suggests that sea-
sonal changes in vitamin D metabolism may
be an important driver of wintertime sus-
ceptibility to infectious diseases. As recently
described by Cannell and coauthors (16a),
diminished exposure to B-spectrum ultravi-
olet radiation in wintertime leads to dimin-
ished conversion of 7-dehydrocholesterol in
the skin to vitamin D, with resulting seasonal
1,25-dihydroxyvitamin D deficiency. Vitamin
D appears to play an important role in phago-
cyte function regulation and is associated with
the elaboration of antiviral and antibacterial
peptides by immune cells, such that seasonal
intracellular vitamin D deficiency could be an
important driver of impaired wintertime host
immune function (16a).

Other seasonally varying environmental
influences could directly disrupt host de-
fenses. For example, the rainy season pre-
dominance of “tropical pyoderma,” due to
group A beta-hemolytic streptococcus, could
relate to the effects of chronic moisture on
host skin (35). Seasonal variation in the inci-
dence of respiratory infections could be due

to the effects of atmospheric pollutants on
host mucociliary action (2, 83). Ozone, a sea-
sonally varying component of cigarette smoke
and ambient air pollution, appears to enhance
susceptibility to respiratory infection in mice
(37). Dry air and changes in temperature may
also alter mucociliary function (5, 10), al-
though the association between dry home en-
vironments and respiratory infection risk re-
mains controversial (10, 69, 73).

REGIONAL AND HEMISPHERIC
VARIATION IN SEASONALITY

If seasonally varying environmental effects are
responsible for seasonal variation in infectious
disease incidence, one could expect that the
peakincidence of seasonal diseases would vary
by six months, on average, between the north-
ern and southern hemispheres, with seasonal-
ity of occurrence absent in equatorial areas.
In general, inversion of seasonality does exist
for such infectious diseases of global range as
cholera and influenza (79, 84), with influenza
epidemics occurring in winter months and
cholera displaying summertime seasonality.
However, although influenza occurs with
similar seasonality in northern and southern
hemispheres, the notion of global oscillation
of influenza transmission is likely overly sim-
plistic. In a study of influenza season onset
in the United States, France, and Australia,
researchers noted that the intercontinental
timing of northern hemisphere influenza epi-
demics is synchronized, but their temporal
relationship to Australian epidemics is un-
predictable (i.e., they may proceed or follow
Australian epidemics, with variable lags) (84).
Similarly, although cholera displays gen-
eral summertime seasonality in northern
and southern hemispheres, there is sub-
stantial variability in the onset of cholera
epidemics within regions. For example, as
noted by Tauxe, attempts to link the on-
set of “cholera season” to monsoon rains
have been unsuccessful, and the observation
that epidemics caused by classical and El Tor
strains of cholera have differing seasonality in

www.annualreviews.org o Seasonality of Infectious Diseases

137



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

ENSO: El Nino
Southern Oscillation

138

Bangladesh suggests that drivers of seasonal-
ity may be more complicated than simply in-
creased ambient temperature (79).

Loss of seasonality with increasing prox-
imity to the equator, or increasing tempo-
ral lags in epidemic onset with increased dis-
tance from the equator, may also suggest that
seasonal environmental factors have an im-
portant role in the genesis of seasonality. For
example, wintertime seasonality of rotavirus
infections has been reported in North Amer-
ica, Japan, Australia, and Europe (14, 49, 57,
90) [although a review of all studies pub-
lished as of 1990 identified several reports of
spring and autumn seasonality in temperate
locales (18)], with less distinct seasonality in
tropical areas. Koopmans & Brown (49) have
suggested a generally northerly march of ro-
tavirus disease occurrence in Europe as winter
months progress. Similar peak months of ro-
tavirus disease activity have been reported in
South America as in North America, despite
inversion of seasons in the southern hemi-
sphere (63).

Conversely, the enteroviruses, such as po-
liovirus, exhibit summertime seasonality in
temperate climates. Dowell (23) notes the loss
of summertime seasonality of polio epidemics
with decreasing distance from the equator
(Figure 9). The behavior of respiratory virus—
related epidemics with respect to distance
from the equator has been noted to be in-
consistent; for example, respiratory syncitial
virus appears to circulate year round in trop-
ical locales, but between-region variation has
been noted in the timing of peak incidence
74).

Several attempts have been made to link
variability in regional and temporal onset
of infectious disease epidemics to intermit-
tent large-scale weather phenomena. Dis-
ease caused by Neisseria meningitidis (princi-
pally meningococcal meningitis) occurs with
predictable wintertime seasonality in North
America and western Europe, and large-scale
epidemics due to serogroup A strains occur
in the sub-Saharan African “meningitis belt”
during the local dry season (44, 76). Sul-
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tan and colleagues (76) investigated the im-
pact of dry seasonal Harmattan winds and
found a linear relationship between the tim-
ing of onset of peak Harmattan winds and
onset of local meningitis epidemics in Mali
(Figure 10).

Another major climatic event that ap-
pears to influence communicable disease
occurrence is the El Nifio Southern Oscilla-
tion (ENSO), a periodic change in the charac-
ter of thermal gradients in the Pacific Ocean
that accompanies a change in the intensity
of the east-to-west trade winds. ENSO is as-
sociated with changing rainfall patterns in
Asia, Australia, and South America, as well
as changes in aquatic nutrient composition.
Pascual and colleagues have identified ENSO
events, along with ocean temperatures and the
immune status of local populations, as im-
portant predictors of cholera risk due to El
‘Tor strains in Bangladesh (47, 65). A number
of other infectious diseases have been pos-
tulated to be influenced by ENSO includ-
ing influenza, malaria, and arboviral infectious
diseases (1, 61, 85).

CONCLUSION AND FUTURE
DIRECTIONS

Seasonality of infectious
long-recognized but poorly understood
phenomenon that likely represents a final

diseases is a

common expression of environmental and
population factors that support oscillatory
disease transmission patterns. The apparent
ubiquity of seasonal patterns of disease
occurrence suggests that this phenomenon
represents a rich vein that might be mined
to produce improved understanding of com-
municable disease transmission and improve
preventive health interventions.

The intent of this review has been to raise,
rather than answer, questions related to sea-
sonality, and basic questions clearly still exist:
How is seasonality best defined? What are the
preferred methodological tools and modeling
approaches for the further study of season-
ality? Are the mechanisms of seasonality of
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individual pathogens similar in different re-
gions and different climates? Is it possible to
distinguish acute environmental effects from
the underlying season of occurrence, from one
another, and from the behavioral patterns that
they produce? For example, can the direct bio-
logical effects of cold weather be distinguished
from the tendency of populations to crowd in-
doors when it is cold outside?

The multifactorial nature of the ques-
tions raised by the study of seasonality

ACKNOWLEDGMENTS

should also create rich opportunities for cross-
disciplinary collaboration by epidemiologists,
microbiologists, ecologists, statisticians, cli-
mate scientists, and public health planners. Al-
though differences in perspective, skills, and
even vocabulary between these groups stand
as potential hurdles to collaboration, success-
ful cross-disciplinary efforts have the poten-
tial to produce not only excellent science, but
also the means to apply new knowledge for
the improvement of population health.

This work was supported by the National Institute of Allergy and Infectious Diseases (NIAID)
(R21-A1065826). The author thanks Dr. Scott Dowell for his comments and insights related
to this manuscript. The contents of this paper are solely the responsibility of the author and
do not necessarily represent the official views of the NIAID. Additional nonmonetary support

was provided by Galit and Benjamin Fisman.

LITERATURE CITED

1. 1999. El Nino and associated outbreaks of severe malaria in highland populations in Irian
Jaya, Indonesia: a review and epidemiological perspective. Southeast Asian 7. Trop. Med.

Public Health 30:608-19

2. Agius AM, Smallman LA, Pahor AL. 1998. Age, smoking and nasal ciliary beat frequency.

Clin. Otolaryngol. 23:227-30

3. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P. 2006. Seasonality and
the dynamics of infectious diseases. Ecol. Lett. 9:467-84
4. Anders HS. 1902. Atmospheric pressure and epidemic influenza in Philadelphia. Phila.

Med. 7., pp. 178-80

5. Andersen IB, Lundqvist GR, Proctor DF. 1972. Human nasal mucosal function under
four controlled humidities. Amz. Rev. Respir. Dis. 106:438-49
6. Anderson RM, May RM. 1992. Infectious Diseases of Humans. Oxford, UK: Oxford Univ.

Press

7. Ansari SA, Springthorpe VS, Sattar SA. 1991. Survival and vehicular spread of hu-
man rotaviruses: possible relation to seasonality of outbreaks. Rev. Infect. Dis. 13:448—

61

8. Aramini J, McLean M, Wilson J, Holt J, Copes R, et al. 2000. Drinking water quality and
health-care utilization for gastrointestinal illness in greater Vancouver. Can. Comm. Dis.

Rep. 26:211-14

9. Armstrong GL, Conn LA, Pinner RW. 1999. Trends in infectious disease mortality in
the United States during the twentieth century. 7AMA 281:61-66
10. Baetjer AM. 1968. Role of environmental temperature and humidity in susceptibility to

disease. Arch. Environ. Health 16:565-70

11. Deleted in proof

12. Beltrametti F, Kresse AU, Guzman CA. 1999. Transcriptional regulation of the esp genes
of enterohemorrhagic Escherichia coli. 7. Bacteriol. 181:3409-18

www.annualreviews.org o Seasonality of Infectious Diseases

139



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

140

13.
14.

15.

16.

16a.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Fisman

Booth CC. 1963. William Hillary—a pupil of Boerhaave. Med. Hist. 7:297-316

Brandt CD, Kim HW, Rodriguez WJ, Arrobio JO, Jeffries BC, Parrott RH. 1982. Ro-
tavirus gastroenteritis and weather. 7. Clin. Microbiol. 16:478-82

Brockwell PJ, Davis RA. 2002. Introduction to Time Series and Forecasting. New York:
Springer

Buehler JW, Hopkins RS, Overhage JM, Sosin DM, Tong V. 2004. Framework for
evaluating public health surveillance systems for early detection of outbreaks: recom-
mendations from the CDC Working Group. MMWR Recomm. Rep. 53:1-11

Cannell JJ, Vieth R, Umhau JC, Holick MF, Grant WB, et al. 2006. Epidemic influenza
and vitamin D. Epidemiol. Infect. 134:1129-40

Collins S, Lehmann J. 1951. Trends and epidemics of influenza and pneumonia, 1918-
1951. Public Health Rep. 66:1487-516

Cook SM, Glass RI, LeBaron CW, Ho MS. 1990. Global seasonality of rotavirus infec-
tions. Bull. World Health Organ. 68:171-77

Currie BJ, Jacups SP. 2003. Intensity of rainfall and severity of melioidosis, Australia.
Emerg. Infect. Dis. 9:1538-42

Diggle P. 1990. Time Series: A Biostatistical Introduction. Oxford, UK: Oxford Univ. Press

Dixon KE. 1997. A comparison of case-crossover and case-control designs in a study of
risk factors for hemorrhagic fever with renal syndrome. Epidemiology 8:243-46

Douglas S, Rawles J. 1999. Latitude-related changes in the amplitude of annual mortality
rhythm. The biological equator in man. Chronobiol. Int. 16:199-212

Dowell SE. 2001. Seasonal variation in host susceptibility and cycles of certain infectious
diseases. Emerg. Infect. Dis. 7:369-74

Dowell SF, Ho MS. 2004. Seasonality of infectious diseases and severe acute respiratory
syndrome—What we don’t know can hurt us. Lancet Infect. Dis. 4:704-8

Dowell SF, Whitney CG, Wright C, Rose CEJ, Schuchat A. 2003. Seasonal patterns of
invasive pneumococcal disease. Emerg. Infect. Dis. 9:573-79

Duke T, Mgone CS. 2003. Measles: not just another viral exanthem. Lancet 361:763-73

Dushoff J, Plotkin JB, Levin SA, Earn DJ. 2004. Dynamical resonance can account for
seasonality of influenza epidemics. Proc. Natl. Acad. Sci. USA 101:16915-16

Dushoff ], Plotkin JB, Viboud C, Earn DJ, Simonsen L. 2006. Mortality due to influenza
in the United States—an annualized regression approach using multiple-cause mortality
data. Am. J. Epidemiol. 163:181-87

Earn DJ, Rohani P, Bolker BM, Grenfell BT 2000. A simple model for complex dynamical
transitions in epidemics. Science 287:667-70

Fisman DN, Lim S, Wellenius GA, Johnson C, Britz P, etal. 2005. It’s not the heat, it’s the
humidity: wet weather increases legionellosis risk in the greater Philadelphia metropolitan
area. 7. Infect. Dis. 192:2066-73

Galen. 1652. Galen’s Art of Physick: Translated into English, and Largely Commented on by
Nicholas Culpeper; Gentleman. London: Cole

Glezen WP, Couch RB. 1997. Influenza viruses. In Viral Infections of Humans, ed. AS
Evans, RA Kaslow, pp. 473-506. New York: Plenum

Gophna U, Ron EZ. 2003. Virulence and the heat shock response. Int. 7. Med. Microbiol.
292:453-61

Graves R. 1848. Influenza. In A System of Clinical Medicine, ed. D Haswell, pp. 462-80.
Philadelphia: E Barrington and GD Geo

Gray B. 1998. Streptococcal infections. In Bacterial Infections of Humans, ed. AS Evans,
PS Brachman, pp. 673-711. New York: Kluwer Acad./Plenum



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

36.

37.

38.

39.

40.

40a.
41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

Greenberg D. 1919. Relation of meteorological conditions to the prevalence of pneumo-
nia. fJAMA 72:252-57

Grose EC, Richards JH, Illing JW, Miller FJ, Davies DW, et al. 1982. Pulmonary host
defense responses to inhalation of sulfuric acid and ozone. 7. Toxicol. Environ. Health
10:351-62

Harrison LH, Armstrong CW, Jenkins SR, Harmon MW, Ajello GW, et al. 1991. A
cluster of meningococcal disease on a school bus following epidemic influenza. Arch.
Intern. Med. 151:1005-9

Harvell CD, Mitchell CE, Ward JR, Altizer S, Dobson AP, et al. 2002. Climate warming
and disease risks for terrestrial and marine biota. Science 296:2158-62

Hemmes J, Winkler K, Kool S. 1960. Virus survival as a seasonal factor in influenza and
poliomyelitis. Nature 188:430-31

Hillary W. 1740. A practical essay on the smallpox. London: C. Hitch/]. Leake
Hippocrates. 2005. Hippocratic Writings, transl. ] Chadwick, WN Mann, IM Lonie, ET
Withington. London: Penguin. (From Greek)

Hirsch A. 1885. Handbook of Geographical and Historical Pathology, Vols. 1-3, transl. C
Creighton. London: New Sydenham Soc. 2nd ed. (From German)

Huntington E. 1930. Weather and Health: A Study of Daily Mortality in New York City. Bull.
Natl. Res. Counc. Monogr. 75. Washington, DC: Natl. Res. Counc. Natl. Acad. Sci.
Jensen ES, Lundbye-Christensen S, Pedersen L, Sorensen HT, Schonheyder HC. 2003.
Seasonal variation in meningococcal disease in Denmark: relation to age and meningo-
coccal phenotype. Scand. J. Infect. Dis. 35:226-29

Kapperud G, Namork E, Skarpeid HJ. 1985. Temperature-inducible surface fibrillae
associated with the virulence plasmid of Yersinia enterocolitica and Yersinia pseudotuber-
culosis. Infect. Immun. 47:561-66

Kleinman K, Lazarus R, Platt R. 2004. A generalized linear mixed models approach for
detecting incident clusters of disease in small areas, with an application to biological
terrorism. Am. J. Epidemiol. 159:217-24

Koelle K, Rodo X, Pascual M, Yunus M, Mostafa G. 2005. Refractory periods and climate
forcing in cholera dynamics. Nature 436:696-700

Koopman JS, Longini IMJ. 1994. The ecological effects of individual exposures and
nonlinear disease dynamics in populations. Am. 7. Public Health 84:836-42

Koopmans M, Brown D. 1999. Seasonality and diversity of Group A rotaviruses in Europe.
Acta Paediatr. Suppl. 88:14-19

Kuhn K, Campbell-Lendrum D, Haines A, Cox J. 2005. Using Climate to Predict Infectious
Disease Epidemics. Geneva: World Health Organ.

Kwon HY, Kim SW, Choi MH, Ogunniyi AD, Paton JC, et al. 2003. Effect of heat
shock and mutations in ClpL and ClpP on virulence gene expression in Streptococcus
pneumoniae. Infect. Immun. 71:3757-65

Larribe M, Taha MK, Topilko A, Marchal C. 1997. Control of Neisseria gonorrhoeae
pilin gene expression by environmental factors: involvement of the pilA/pilB regulatory
genes. Microbiology 143(Pt. 5):1757-64

Laupland KB, Davies HD, Low DE, Schwartz B, Green K, McGeer A. 2000. Invasive
group A streptococcal disease in children and association with varicella-zoster virus in-
fection. Ontario Group A Streptococcal Study Group. Pediatrics 105:E60

Lucretius. 1994. On the Nature of the Universe, transl. RA Latham. London: Penguin
Maclure M, Mittleman MA. 2000. Should we use a case-crossover design? Annu. Rev.
Public Health 21:193-221

www.annualreviews.org o Seasonality of Infectious Diseases

141



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

142

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Mandl KD, Overhage JM, Wagner MM, Lober WB, Sebastiani P, et al. 2004. Imple-
menting syndromic surveillance: a practical guide informed by the early experience. 7.
Am. Med. Inform. Assoc. 11:141-50

Marshall J, Botes J, Gorrie G, Boardman C, Gregory J, et al. 2003. Rotavirus detection
and characterization in outbreaks of gastroenteritis in aged-care facilities. 7. Clin. Virol.
28:331-40

Maurelli AT, Hromockyj AE, Bernardini ML. 1992. Environmental regulation of Shigella
virulence. Curr: Top. Microbiol. Immunol. 180:95-116

Mekalanos JJ. 1992. Environmental signals controlling expression of virulence determi-
nants in bacteria. 7. Bacteriol. 174:1-7

Naumova EN, O’Neil E, MacNeill I. 2005. INFERNO: a system for early outbreak
detection and signature forecasting. MMWR Morb. Mortal Wkly. Rep. 54(Suppl.):77-83
Nicholls N. 1993. El Nino-southern oscillation and vector-borne disease. Lancet
342:1284-85

Normile D. 2006. Avian influenza. WHO proposes plan to stop pandemic in its tracks.
Science 311:315-16

O’Ryan M, Perez-Schael I, Mamani N, Pena A, Salinas B, etal. 2001. Rotavirus-associated
medical visits and hospitalizations in South America: a prospective study at three large
sentinel hospitals. Pediatr. Infect. Dis. 7. 20:685-93

Paccaud M. 1979. World trends in poliomyelitis morbidity and mortality. World Health
Stat. Quart. 32:198-224

Pascual M, Rodo X, Ellner SP, Colwell R, Bouma M]. 2000. Cholera dynamics and El
Nino-Southern Oscillation. Science 289:1766—69

Porter R. 1997. The Greatest Benefit to Mankind. London: Harper Collins

Reichert TA, Simonsen L, Sharma A, Pardo SA, Fedson DS, Miller MA. 2004. Influenza
and the winter increase in mortality in the United States, 1959-1999. Am. 7. Epidemiol.
160:492-502

Ridenour DA, Cirillo SL, Feng S, Samrakandi MM, Cirillo JD. 2003. Identification of
a gene that affects the efficiency of host cell infection by Legionells pneumophila in a
temperature-dependent fashion. Infect. Immun. 71:6256-63

Ross A, Collins M, Sanders C. 1990. Upper respiratory tract infection in children, do-
mestic temperatures, and humidity. 7. Epidemiol. Community Health 44:142-46

Rush B. 1805. An Inquiry into the Various Sources of the Usual Forms of Summer and Autumnal
Disease in the United States, and the Means of Preventing Them. To Which Are Added Facts
Intended to Prove the Yellow Fever Not to Be Contagious. Philadelphia: Conrad

Schwartz J, Levin R, Goldstein R. 2000. Drinking water turbidity and gastrointestinal
illness in the elderly of Philadelphia. 7. Epidemiol. Community Health 54:45-51
Schwartz J, Levin R, Hodge K. 1997. Drinking water turbidity and pediatric hospital use
for gastrointestinal illness in Philadelphia. Epidemiology 8:615-20

Spengler JD, Jaakkola JJ, Parise H, Katsnelson BA, Privalova LI, Kosheleva AA. 2004.
Housing characteristics and children’s respiratory health in the Russian Federation. Am.
7. Public Health 94:657-62

Stensballe LG, Devasundaram JK, Simoes EA. 2003. Respiratory syncytial virus epi-
demics: the ups and downs of a seasonal virus. Pediatr. Infect. Dis. }. 22:S21-32

Stout JE, Yu VL, Best MG. 1985. Ecology of Legionella pneumophila within water dis-
tribution systems. Appl. Environ. Microbiol. 49:221-28

Sultan B, Labadi K, Guegan JF, Janicot S. 2005. Climate drives the meningitis epidemics
onset in west Africa. PLOS Med. 2:e6

Fisman



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Sydenham T. 1749. The Entire Works of Dr. Thomas Sydenham, Newly Made English from
the Originals. London: Printed for E Cave at St. John’s Gate

Talbot TR, Poehling KA, Hartert TV, Arbogast PG, Halasa NB, et al. 2005. Season-
ality of invasive pneumococcal disease: temporal relation to documented influenza and
respiratory syncytial viral circulation. Amz. 7. Med. 118:285-91

Tauxe R. 1998. Cholera. In Bacterial Infections of Humans: Epidemiology and Control, ed. A
Evans, P Brachman, pp. 223-42. New York: Kluwer Acad./Plenum

Teklehaimanot HD, Lipsitch M, Teklehaimanot A, Schwartz J. 2004. Weather-based
prediction of Plasmodium falciparum malaria in epidemic-prone regions of Ethiopia I.
Patterns of lagged weather effects reflect biological mechanisms. Malar. 7. 3:41
Teklehaimanot HD, Schwartz J, Teklehaimanot A, Lipsitch M. 2004. Weather-based
prediction of Plasmodium falciparum malaria in epidemic-prone regions of Ethiopia IL.
Weather-based prediction systems perform comparably to early detection systems in
identifying times for interventions. Malar. 7. 3:44

Thomas KM, Charron DF, Waltner-Toews D, Schuster C, Maarouf AR, Holt JD. 2006.
A role of high impact weather events in waterborne disease outbreaks in Canada, 1. Inz.
7 Environ. Health Res. 16:167-80

Verra F, Escudier E, Lebargy F, Bernaudin JF, De Cremoux H, Bignon J. 1995. Ciliary
abnormalities in bronchial epithelium of smokers, ex-smokers, and nonsmokers. 4. 7.
Respir: Crit. Care Med. 151:630-34

Viboud C, Boelle PY, Pakdaman K, Carrat F, Valleron AJ, Flahault A. 2004. Influenza
epidemics in the United States, France, and Australia, 1972-1997. Emerg. Infect. Dis.
10:32-39

Viboud C, Pakdaman K, Boelle PY, Wilson ML, Myers MF, et al. 2004. Association of
influenza epidemics with global climate variability. Eur: 7. Epidemiol. 19:1055-59
Vinten-Johansen P, Brody H, Paneth N, Rachman S, Rip M. 2003. Cholera, Chloroform,
and the Science of Medicine: A Life of Jobn Snow. Oxford, UK: Oxford Univ. Press

Yorke JA, Nathanson N, Pianigiani G, Martin J. 1979. Seasonality and the requirements
for perpetuation and eradication of viruses in populations. Am. 7. Epidemiol. 109:103-23
Yother J, Chamness TW, Goguen JD. 1986. Temperature-controlled plasmid regulon
associated with low calcium response in Yersinia pestis. 7. Bacteriol. 165:443-47

Zeger SL, Irizarry R, Peng RD. 2006. On time series analysis of public health and biomed-
ical data. Annu. Rev. Public Health 27:57-79

ZhouY, Li L, Kim B, Kaneshi K, Nishimura S, et al. 2000. Rotavirus infection in children
in Japan. Pediatr. Int. 42:428-39

www.annualreviews.org o Seasonality of Infectious Diseases

143



Annu. Rev. Public Health 2007.28:127-143. Downloaded from www.annualreviews.org
Access provided by 195.70.206.162 on 05/25/20. For personal use only

90 ~

Incidence per 10¢ person-years

Figure 3

Il Pneumococcus
Legionella x 5

75
60
45
30
0 . . : .

Winter

Spring Summer Fall

Season

Annualized incidence of invasive pneumococcal disease and legionellosis (multiplied by 5), by season,
Philadelphia county. Pneumococcal disease incidence is highest in winter and spring months, whereas
legionellosis incidence peaks in summer. Legionellosis incidence is multiplied by a factor of 5 for
comparability of scales. Data courtesy of C.V. Spain, Philadelphia county department of public health.
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Autocorrelogram for invasive pneumococcal disease and legionellosis, Philadelphia county. Both dis-
eases show positive autocorrelation coefficients with lags of 12 months, denoting annual periodicity of
occurrence. Data courtesy of C.V. Spain, Philadelphia county department of public health.
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Figure 5

Periodogram for invasive pneumococcal disease and legionellosis, Philadelphia county. Both diseases
show maximal spectra with a frequency of 1/12, corresponding to annual seasonality. A second biannual
peak may be present for legionellosis. Spectrum of legionella is multiplied by a factor of 5 for
comparability of scales. Data courtesy of C.V. Spain, Philadelphia county department of public health.
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Figure 6

Temporal trends in legionellosis cases occurrence in the greater Philadelphia metropolitan area,
1995-2003, as presented in Reference 30. Bars represent case counts, whereas the superimposed curve
represents expected cases based on Poisson regression. Disease occurs with summertime seasonality, and
incidence increased during the period under observation. Reproduced from the Fournal of Infectious
Diseases with permission from the publisher.
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Figure 8

Output of a simple transmission model of an infectious disease with transient immunity, with (b/ue
curve) and without (red curve) seasonal forcing, similar to the model created by Dushoff and colleagues
(27). Without seasonal forcing, it can be seen that initial oscillations in incidence become damped over
time. With a small seasonal forcing factor, “resonance” results in maintenance of seasonal oscillation in
incidence.
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Figure 9

Seasonality of poliomyelitis, according to distance in degrees from the equator, 1956-1957. Month of
year is presented on the X-axis. The top graph shows polio incidence peaking in September in the
northern hemisphere, whereas the bottom graph shows a peak in March in the southern hemisphere.
The middle graphs show attenuated seasonality with increased proximity to the equator. Figure
constructed by Dowell (23) from data in Reference 64; reproduced from Emerging Infectious Diseases
with permission from the publisher.
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Figure 10

Sultan and colleagues demonstrated that the week of onset of epidemic meningococcal disease in Mali
shows a linear relationship with the timing of maximum Harmattan winds. Reproduced from Public
Library of Science Medicine (76) under terms of the Creative Commons Attribution License.
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