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Brian J Coburn1*, Chris Cosner2, Shigui Ruan2

Abstract

Background: Influenza super-strains can emerge through recombination of strains from birds, pigs, and humans.
However, once a new recombinant strain emerges, it is not clear whether the strain is capable of sustaining an
outbreak. In certain cases, such strains have caused major influenza pandemics.

Methods: Here we develop a multi-host (i.e., birds, pigs, and humans) and multi-strain model of influenza to
analyze the outcome of emergent strains. In the model, pigs act as “mixing vessels” for avian and human strains
and can produce super-strains from genetic recombination.

Results: We find that epidemiological outcomes are predicted by three factors: (i) contact between pigs and
humans, (ii) transmissibility of the super-strain in humans, and (iii) transmissibility from pigs to humans. Specifically,
outbreaks will reoccur when the super-strain intections are less frequent between humans (e.g., R0=1.4) but
grequent from pigs to humans, and a large-scale outbreak followed by successively damping outbreaks will occur
when human transmissibility is high (e.g., R0=2.3). The average time between the initial outbreak and the first
resurgence varies from 41 to 82 years. We determine the largest outbreak will occur when 2.3 <R0 < 3.8 and the
highest cumulative infections occur when 0 <R0 < 3.0 and is dependent on the frequency of pig-to-human
infections for lower R0 values (0 <R0 < 1.9).

Conclusions: Our results provide insights on the effect of species interactions on the dynamics of influenza super-
strains. Counter intuitively, epidemics may occur in humans even if the transmissibility of a super-strain is low.
Surprisingly, our modeling shows strains that have generated past epidemics (e.g., H1N1) could resurge decades
after they have apparently disappeared.

Background
Until very recently there has been limited attention
focused on the role of pigs in the spread of influenza
and even less on the possibility of recombination of
avian and human viruses in pigs [1-4]. The emergence
of the novel strain of influenza A (H1N1) in Mexico
[5,6] in April 2009 has shown birds, pigs and humans
can all play a role in the formation of new strains and
can be transmitted from pigs to humans [7]. Prior to
the outbreak, much of the surveillance against pandemic
influenza has been focused on avian strains (e.g., H5N1).
Influenza pandemics occur when a transmissible strain

emerges into the human population in which humans
have little or no immunity. One way this can occur is
when a strain emerges in humans from a reservoir host

species (e.g., birds or pigs). In fact, the three previous
influenza pandemics (1918 H1N1, 1957 H2N2, and 1968
H3N2) emerged to humans from a non-human reservoir
and were subtypes that originated in avian hosts [7]. In
fact, strong evidence suggests all influenza subtypes
trace back to avian origin, implying the avian virus
emerged and established itself in mammals from birds.
Avian strains such as the H5N1 have proven to be the
most threatening particularly to humans upon infection,
killing approximately 50 to 70 percent of those infected
[8]. An H5N1 pandemic appears unlikely in that the
strain has been shown to transmit poorly between
humans. Furthermore, a strain with such high virulence
would also need to be highly transmissible in order for
a pandemic to occur.
Genetic changes in influenza provide new opportu-

nities for pathogen emergence in humans, particularly
through recombination. When coinfection occurs, two
strains may interact and recombine to form a new reas-
sortant strain. Intermediate hosts, such as pigs and
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domestic poultry, play an important role in influenza
infection between birds and human. Pigs are also cap-
able of infection by human influenza viruses [9]. It has
been reported that pigs are capable of infecting humans
[4][10][11] and are likely candidates as intermediate
hosts for coinfection of interspecies strains [12].
Several empirical studies indicate that not only avian

and human influenza strains are likely to establish infec-
tion in pigs but also that pigs are capable of passing
newly reassortant strains to humans. Strikingly, half of
Java’s pigs in 2005 were reported to be infected with
avian influenza H5N1 [13]. In 1999, a strain of avian
origin (H4N6) was isolated from pigs in Canadian swine
farms [14]. Furthermore, the previously known H1N1
swine virus emerging in Europe in 1979 was antigeni-
cally similar to avian strains [4]. The avian virus is more
likely to establish infection in swine [15,16]. Evidence
for human strains being transmitted to swine was docu-
mented when a swine flu H1N2 outbreak in Japan’s pigs
was determined to be a result of reassortment between
swine H3N2 and human H1N1 [17].
Mathematical models have been used to predict epi-

demics and develop intervention strategies [18-20]; how-
ever, these models have not been developed to include
both recombination and cross-species transmission.
Here we present a theoretical model that tracks influ-
enza transmission dynamics within and among three
species (i.e., birds, pigs, and humans). The model
describes how new “super-strains” (i.e., strains that are
highly virulent to humans) can arise if pigs act as “mix-
ing vessels” for the recombination of species-specific
strains. We use the model to determine the epidemiolo-
gical outcomes of a reassortant super-strain by varying
the factors that influence the strain’s incidence in
humans (i.e., transmissibility within humans, pig-to-
human transmissibility, and pig-to-human contact).
Furthermore, we determine the state(s) (or parameter
ranges) of a super-strain that will result in (i) the great-
est single epidemic and (ii) the highest cumulative
prevalence.

Methods
To study the emergence of super-strains from interspe-
cies sources, we have constructed a novel multi-strain/
multi-host (MSMH) model [21]. This enables the trans-
mission of influenza to be tracked within and between
species. We characterize a super-strain in humans as a
strain that is highly virulent and capable of directly
infecting all humans (i.e., non- and seasonal infected
humans) once the strain emerges. Furthermore, when a
human with the seasonal strain acquires the super-
strain, the super-strain is dominant and there is no
coinfection. We use the model to analyze the conse-
quences of a super-strain that forms from a highly

virulent (but perhaps non-transmissible) avian strain
(e.g., H5N1) and seasonal human strain. A flow diagram
for this model is shown in Fig. 1. The avian model (sig-
nified by subscript b) consists of susceptibles (Sb) and
infectives (Ib); the human model (signified by subscript
h) consists of susceptibles (Sh), seasonal infectives (Ih),
and super-strain infectives (Jh); and the swine model
(signified by subscript p) consists of susceptibles (Sp),
seasonal human and avian strain infectives (Ip,1 and Ip,2,
respectively), coinfected pigs (Ip,12), and infectives that
carry a super-strain from recombination during coinfec-
tion (Jp). The three host species are coupled as an inter-
acting species system, where the couplings enable avian
and human strains to infect pigs (i.e., pigs act as inter-
mediate hosts) and super-strains (developed in pigs) to
infect humans. A pig coinfected with both avian and
human strains is a “mixing vessel” and can produce a
super-strain capable of infecting humans. The ten equa-
tions that specify the model, as well as a more detailed
description, are given in Section 1 of the Appendix.
We calibrated the MSMH model using data on

humans and swine in Southeast Asia. The two human
infectious classes are parameterized to represent indivi-
duals infected with a seasonal strains (e.g., H1N1 and
H3N2) and a transmissible super-strain with disease
virulence similar to the H5N1 strain (i.e., 68 percent dis-
ease-induced mortality rate) [8]. We chose reasonable
parameter values for human influenza transmissibility in
Thailand [8,22] and set similar values to sustain preva-
lent levels of avian and human reassortants in pigs [21];
see Section 3 of the Appendix. Population growth para-
meters and initial population densities for humans and
pigs were determined from census data in Thailand for
the twentieth century; see Section 3 of the Appendix.
We assume the rate in which a coinfected pig produces
a super-strain ψp is 0.1. We define the pig-to-human
contact transmissibility gp as the probability per unit
time that a super-strain infected pig will come into con-
tact with and infected human. That is, gp is a product of
two factors: (i) the rate at which a human will come
into contact with a pig and (ii) the rate at which a pig
will successfully infect a human with the super-strain.
Similarly, the parameters bh,1 and bh,2 are the transmis-
sibility of the seasonal and super- strains, respectively,
to susceptible humans (Sh). The transmissibility of the
super-strain to seasonal infected humans (or super-
transmissibility) is δh, which we will assume is equal to
bh,2 (i.e., super-strain transmission is the same for sus-
ceptible (Sh) and seasonal infectives (Ih,1)). The basic
reproductive number R0 for each strain is the average
number of secondary infections that one infectious indi-
vidual can generate in an entirely susceptible population
[23]. The R0’s for endemic strains (i.e., excluding the
super-strain in humans) in each species range between 1
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and 2.5. We examine R0 values from 0 to 9.5 for a
super-strain in humans [18] together with pig-to-human
contact transmissibility ranging from 0 to 100 percent,
which allows us to consider all epidemiologically rele-
vant cases for past influenza pandemics.

Results
We simulate the MSMH model over different time peri-
ods (i.e., 200-1000 years) to understand both the initial
impact and long-term consequences of super-strains.
We assume that initially there are neither infected pigs
nor super-infected humans. In other words, an initial
pre-epidemic period occurs before the super-strain
emerges in humans, during which the avian and human
strains can cocirculate in pigs for many years or even
decades before a super-strain emerges in humans (Figs.
2A-D). The initial outbreak is abrupt once the super-
strain emerges in humans and typically has the greatest
magnitude. After a super-strain has emerged in humans,
there are three possible epidemiological outcomes: peri-
odic outbreaks (Figs. 2A-B for approx. gp > 0.15); a
super-strain that sustains at low levels without causing a

significant outbreak (Figs. 2A-B for approx. gp < 0.15);
or a strong initial epidemic followed by weaker epi-
demics (Figs. 2C-D), where the super-strain replaces a
previously circulating strain. The outcome is determined
by transmissibility of the super-strain and the contact
transmissibility from super-infectious pigs to humans.
The time frame between the first two outbreaks ranges
from 41 to 82 years, depending on the level of transmis-
sibility (Fig. 3).
When the super-strain is not highly transmissible (i.e.,

less transmissible than seasonal flu) in humans, the super-
strain can cause periodic epidemics in humans (Figs.
2A-B). For R0= 1.4, periodic outbreaks occur at higher
levels of pig-to-human contact transmissibility (approx. gp
> 0.15). In this case, we observe periodic epidemics in all
population classes in both humans (Fig. 4A), and pigs (Fig.
4B). In addition, recombinant strains emerge in cycles
(cyan: Fig. 4B). The oscillations in the number of coin-
fected pigs correlate with those of pigs infected with each
separate strain (Fig. 4B). Super-infectious pigs attain a
maximum number when pigs infected with the human
strain are at a peak (cyan: Fig. 4B). Smaller outbreaks are
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Fig. 1 Schematic diagram illustrating the MSMH model. Susceptibles are denoted by S, infectious classes by I, and super-strain infectious
classes by J. Each species’ classes and parameters for are subscripted by b (birds), h (humans), and p (pigs). All host species have a SIS structure,
where recruitment is logistic of the entire population into the susceptible subclass and transfer from infected subclasses by recovery into the
susceptible subclass or disease-induced death. The birds have a basic structure, humans have a super-infection structure, and pigs have a
coinfection structure with recombination. Solid arrows represent the transfer due to infection within a single host population. Dashed arrows
represent the direction of interspecies infectivity from human-to-pig with the endemic human strain, bird-to-pig with the endemic avian strain,
and pig-to-human with the super-strain. A description of the variables and parameters is given in Sections 1 and 3 of the Appendix.
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more frequent with lower levels of interaction between
pigs and humans, and larger but less frequent outbreaks
occur at higher levels of interaction (Fig 2B). The periodi-
city of each strain will eventually stabilize, and outbreaks
of both strains will occur abruptly after interepidemic peri-
ods of virtually no disease prevalence (red: Figs. 4C and
4D). The time between the first two outbreaks ranges
from approximately 55 to 81 years and is dependent on
the transmissibility of the super-strain and pig-to-human
contact transmissibility (Fig. 3: blue). These simulations
show the reoccurring nature of pandemics (e.g., the three
major outbreaks of the twentieth century: 1918, 1957, and
1968). It is worth noting that the 1918 virus spread
between pigs and humans [24]; however, it is unclear

whether the virus initially spread from pig-to-human or
human-to-pig.
At lower levels of transmission, we found that super-

strains were continuously produced in the pig popula-
tion, but only sustained at a low level (Figs. 2A-B) so
they did not pose a threat to the human population.
This example correlates to cases when the virus infects
a few but is unable to establish itself after the initial out-
break, e.g., the “New Jersey” Incident in the USA in
1976 [25] and perhaps other outbreaks involving a few
individuals as described in [4].
When the super-strain is highly transmissible (i.e.,

approximately as transmissible as 1918 flu, R0=2.3), the
strain will slowly emerge and cause an “epidemic spike” in

A B

C D

Fig. 2 Time-series figures for the super-infectious humans at varying levels of interaction. (A) The simulation illustrates that for low super-
transmissibility (R0=1.4) and varying levels of interaction (gp), the system will exhibit reoccurring outbreaks. (B) Bird’s-eye view of the Fig. 2A
shows as the level of interaction increases, the outbreaks become larger but further apart. (C) The simulation illustrates that for high super-
incidence (R0=2.3) and varying levels of pig-to-human contact transmissibility (gp), the system will exhibit an initial large-scale outbreak that is
followed by successively damping outbreaks. (D) Bird’s-eye view of Fig. 2C shows how varying level of interaction has no effect on the dynamics
of the outbreak.
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humans (Figs. 2C-D). In this case, the resulting outbreak
dynamics are influenced predominately by the high trans-
missibility of the super-strain. A series of dampening out-
breaks follow the initial spike with periods of virtually no
disease prevalence in humans between epidemic out-
breaks. The super-strain outcompetes the preexisting
endemic strain, causing the endemic strain to become
extinct in humans and hence disappear from the pigs,
eliminating the reoccurrence of coinfection and recombi-
nation. The time frame between the first two outbreaks
ranges from approximately 61 to 69 years (Fig. 3: green).
These simulations show features present in the pandemics
of 1918, 1957, and 1968 in that after the initial pandemic
the new super-strain displaces the previously dominant
strain [26], continues to circulate, and becomes endemic
but with reduced epidemiological impact.
We compare both the epidemic magnitude and cumu-

lative density for varying levels of pig-to-human contact
transmissibility and super-strain transmission in

humans. By analyzing the largest outbreak for approxi-
mately 75 years after the strain has emerged, we deter-
mine that a large scale epidemic will occur when 1.9 <
R0 < 6.6; however, the greatest epidemic will occur
when 2.3 <R0 < 3.8 (Fig. 5A) and not when R0 > 3.8.
The contact transmissibility does not influence the mag-
nitude of the largest outbreak but is a necessary compo-
nent for the super-strain to emerge in humans. We
determine that a significant outbreak is unlikely for R0 <
1.9 and a moderate outbreak will occur when R0 > 6.6.
Furthermore, the most significant outbreaks (i.e., 2.3 <
R0 < 3.8) occur when the super-strain is highly trans-
missible, and dampened outbreaks follow the large-scale
epidemic (Figs. 2C and 2D). These results for the differ-
ent values of R0 remain consistent for much longer time
frames (e.g., 500 and 1000 years). Our results show that
a super-strain that emerges from pigs to humans typi-
cally has the greatest potential for human mortalities
during its initial outbreak.

Fig. 3 Time between the first and second outbreaks at varying degrees of pig-to-human interaction. The transmission of the super-strain
in humans was set at five specific values. Time frames vary for bh,2=0.015 from 41 to 81 years (blue), bh,2=0.0215 from 56 to 82 years (red),
bh,2=0.024 from 61 to 70 years (green), for bh,2=0.04 from 58 to 59 years (black), for bh,2=0.084 from 52 to 54 years (magenta). Overall times
range from 41 to 82 years.
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A similar analysis of cumulative (averaged annually)
infections over different time frames shows higher levels
of disease prevalence at lower levels of transmissibility.
For 200 years, highest cumulative number occurs when 0
<R0 < 7.6 (Fig. 5B: red-orange), of which there are two
maximal states when 2.5 <R0 < 3.0 and 4.0 <R0 < 4.5 (Fig.
4B: dark red). In this case, the cumulative number of
infectives can be high even when R0 < 1.9 but depends
on the pig-to-human contact transmissibility. For much
longer time frames of 500 years (Fig. 5C: dark red) and
1000 years (Fig. 5D: dark red), the maximal prevalence
occurs when: 1.9 <R0 < 3.0 for all levels of interaction,
and R0 < 1.9 with a sufficient level of pig-to-human con-
tact transmissibility. In fact, long-term prevalence is high

even when R0 < 1 (bh,2 < 0.011) and the pig-to-human
contact transmission is low (gp < 0.4, where the lower
bound of gp is dependent on the value of R0). Further-
more, the epidemiological outcome can either be a large-
scale outbreak or milder reoccurring outbreaks to sustain
maximal prevalence of a super-strain.

Conclusions
Cross-species interaction and transmission of influenza
creates a reservoir of super-strains in pigs; therefore, the
continuous introduction of super-strains into humans is
almost inevitable. Our modeling is consistent with this
notion in that it shows how a super-strain is likely to
emerge in humans from an intermediate host, such as
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Fig. 4 Simulation of the MSMH model for population densities versus time with high pig-to-human contact transmissibility and low
super-strain transmissibility. (A) The simulation for the humans. Colors represent densities over time of the susceptible (blue), primary strain
infectious (green), and super-strain infectious (red) classes. (B) The simulation for pigs. Colors represent population densities over time of the
susceptible (blue), human strain infectious (red), avian strain infectious (green), coinfected (cyan), and super-strain infectious (magenta) classes.
(C) Phase portrait for the humans. The figure shows human populations (blue) will reach a positive oscillating state (red). (D) A different view of
the humans’ phase portrait showing the attracting region in 3D space.
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pigs. However, we have found that, once a super-strain has
emerged, three different outcomes are possible: (i) large
scale outbreak, (ii) milder reoccurring outbreaks, and (iii)
no outbreak. Examples of each types of outbreak have
been well observed in nature. Our results show there may
be little to no infectious activity during interepidemic peri-
ods; hence, epidemic forecasting may be difficult until the
early stages of an outbreak. This is particularly important
to ensure vaccine development in that detection may not
be possible until an outbreak is significant. The more
recent 2009 H1N1 strain was a reassortant of avian,
human, and swine strains, and its gene segments have
been circulating undetected for an extended period [7].
Our results also show that the greatest outbreak occurs

when 2.3 <R0 < 3.8, which may be a consequence of strain
competition and interspecies infection. That is, pig-to-
human infection provides a competitive advantage to the
super-strain over the seasonal. Higher R0 values for the
super-strain may result in competitive exclusion of the
seasonal strain, thus suppressing seasonal infections and
limiting the opportunity for external infections.
We have demonstrated how genetic recombination and

species interactions significantly affect the emergence and
dynamics of influenza strains. The notion of reoccurring
epidemics is particularly important in that it is specifically
driven by species interaction and may explain the disap-
pearance and re-emergence of a subtype many years after
an epidemic. We recommend, that in order to obtain

A B

C D

Fig. 5 Contour maps of the pigs-to-human contact transmissibility (gp) versus the super-transmissibility in humans (bh,2) (A) The figure
shows maximum number of super-strain over 200 years. The largest outbreaks occur when 2.3 < R0 < 3.8 (0.24 < bh,2 < 0.4). (B) The figure
shows the sum of yearly average super-strain cases over 200 years. The two maximal states occur when 2.5 < R0 < 3.0 (0.26 < bh,2 < 0.32) and
4.0 < R0 < 4.5 (0.42 < bh,2 < 0.48). (C) The figure shows the sum of yearly average super-strain cases over 500 years. The long-term cumulative
incidence of a super-strain is highest when either: 1.9 < R0 < 3.0, or 0 < R0 < 1.9 and a specified range of interaction for the given R0. (D) The
figure shows the sum of yearly average super-strain cases over 1000 years. The long-term cumulative incidence of a super-strain is highest when
either: 1.9 < R0 < 3.0, or 0 < R0 < 1.9 and a specified range of interaction for the given R0.
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further insights into the emergence of influenza super-
strains, strain subtypes should be frequently monitored in
the major host species (particularly, birds, humans, and
pigs). In addition, we recommend comparing various reas-
sortants to identify strains that are more likely to recom-
bine, particularly those that are infectious to humans.
A reassortant of the avian strain such as the H5N1

that can spread from human-to-human poses a great
threat, even when transmissibility is low (as shown in
our simulation). Although the chance of such an
event seems rare, situations like one described in the
report [13] on Java’s pigs suggest that not only is a
super-strain able to emerge but that such a strain is
likely to emerge. Our results suggest more careful sur-
veillance of influenza in pigs with a specific focus on
detecting rare but potentially dangerous recombina-
tion events. Unless a global monitoring system is put
in place, we will be unable to recognize lurking novel
strains that are capable of the next pandemic. Most
importantly, our modeling shows the necessity of a
global monitoring system to track strain subtypes
within different host species to adequately forecast the
next pandemic.

Abbreviations
FAO, Food and Agriculture Organization of the United Nations; MSMH,
multi-strain/multi-host; SIS, susceptible-infective-susceptible, WHO, World
Health Organization.

Acknowledgements
We would like to acknowledge Sally Blower, Donald L. DeAngelis, Justin T.
Okano, Kellie Swanton, and Bradley G. Wagner for useful discussions and
comments. The research of CC was partially supported by NSF grant DMS-
0816068. The research of SR was partially supported by NSF grant DMS-
1022728.
This article has been published as part of BMC Public Health Volume 11
Supplement 1, 2011: Mathematical Modelling of Influenza. The full contents
of the supplement are available online at http://www.biomedcentral.com/
1471-2458/11?issue=S1.

Author details
1Center for Biomedical Modeling, Semel Institute of Neuroscience & Human
Behavior, David Geffen School of Medicine, University of California, Los
Angeles, 10940 Wilshire Blvd, Suite 1450, Los Angeles, CA 90024, USA.
2Department of Mathematics, University of Miami, Coral Gables, FL 33124-
4250, USA.

Authors’ contributions
BJC, CC, and SR developed the concept and study design, analyzed and
interpreted the data and drafted the manuscript. BJC conducted
mathematical analyses and simulations.

Competing interests
The authors declare that they have no competing interests.

Published: 25 February 2011

References
1. Webby RJ, Webster RG: Are we ready for pandemic influenza? Science

2003, 302:1519-1522.
2. Wuethrich B: Chasing the fickle swine flu. Science 2003, 299:1502-1505.

3. Myers KP, Olsen CW, Setterquist SF, Capuano AW, Donham KJ, Thacker EL,
Merchant JA, Gray GC: Are swine workers in the United States at
increased risk of infection with zoonotic influenza virus? Clin Infect Dis
2006, 42:14-20.

4. Van Reeth K: Avian and swine influenza viruses: our current
understanding of the zoonotic risk. Vet Res 2007, 38:243-260.

5. 2009 H1N1 Flu. [http://www.cdc.gov/h1n1flu/].
6. Fraser C, Donnelly CA, Cauchemez S, Hanage WP, Van Kerkhove MD,

Hollingsworth TD, Griffin J, Baggaley RF, Jenkins HE, Lyons EJ, et al:
Pandemic potential of a strain of influenza A (H1N1): early findings.
Science 2009, 324:1557-1561.

7. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM,
Xu X, Skepner E, et al: Antigenic and genetic characteristics of swine-
origin 2009 A(H1N1) influenza viruses circulating in humans. Science
2009, 325:197-201.

8. Cumulative number of confirmed human cases of avian influenza A/
(H5N1) reported to WHO. [http://www.who.int/csr/disease/avian_influenza/
country/en/index.html].

9. Shu LL, Lin YP, Wright SM, Shortridge KF, Webster RG: Evidence for
interspecies transmission and reassortment of influenza A viruses in pigs
in southern China. Virol 1994, 202:825-833.

10. Claas ECJ, Kawaoka Y, de Jong JC, Masurel N, Webster RG: Infection of
children with avian-human reassortment influenza virus from pigs in
Europe. Virol 1994, 204:453-457.

11. Webster RG: Influenza: an emerging disease. Emerg infect Dis 1998, 4:436-441.
12. Scholtissek C, Hinshaw VS, Olsen CW: Influenza in pigs and their role as the

intermediate host Oxford:BlackwellSciences; 1998.
13. Cyranoski D: Bird flu spreads among java’s pigs. Nature 2005, 435:390-391.
14. Karasin AI, Brown IH, Carman S, Olsen CW: Isolation and characterization

of H4N6 avian influenza viruses from pigs with pneumonia in Canada.
Virol 2000, 74:9322-9327.

15. Kida H, Ito T, Yasuda J, Shimizu Y, Itakura C, Shortridge KF, Kawaoka Y,
Webster RG: Potential for transmission of avian influenza viruses to pigs.
J Gen Virol 1994, 75:2183-2188.

16. Pensaert M, Ottis K, Vandeputte J, Kaplan MM, Bachman PA: Evidence for
the natural tranmission of influenza A virus from wild ducks to swine
and its potential importance for man. Bull WHO 1981, 59:75-78.

17. Ouchi A, Nerome K, Kanegae Y, Ishida M, Nerome R, Hayashi K,
Hashimoto T, Kaji M, Kaji Y, Inaba Y: Large outbreak of swine influenza in
southern Japan caused by reassortant (H1H2) influenza viruses: its
epizootic background and characterization of the causative viruses. J
Gen Virol 1996, 77:1751-1759.

18. Coburn BJ, Wagner BG, Blower S: Modeling infleunza epidemics and
pandemics: insights into the future of swine flu (H1N1). BMC Medicine
2009, 7:30.

19. Iwami S, Takeuchi Y, Liu X: Avian-human influenza epidemic model. Math
Biosci 2007, 207:1-25.

20. Saenz RA, Hethcote HW, Gray GC: Confined animal feeding operations as
amplifiers of influenza. Vector Borne Zoonotic Dis 2006, 6:338-346.

21. Coburn BJ: Multi-species influenza models with recombination. Ph. D.
Dissertation University of Miami, Mathematics; 2009.

22. Waicharoen S, Thawatsupha P, Chittaganapitch M, Maneewong P,
Tahanadachakul T, Sawanpanyalert P: Influenza viruses ciruculating in
Thailand in 2004 and 2005. Jpn J Infect Dis 2008, 31:321-323.

23. Anderson RM, May RM: Infectious Disease of Humans: Dynamics and Control
Oxford University Press; 1992.

24. Reid AH, Taubenberger JK: The origin of the 1918 pandemic influenza
virus: a continuing enigma. J Gen Virol 2003, 84:2285-2292.

25. Kilbourne ED: Influenza pandemics of the 20th century. Emerg infect Dis
2006, 12:9-14.

26. Taubenberger JK, Morens DM: 1918 influenza: the mother of all
pandemics. Emerg infect Dis 2006, 12:15-22.

27. van den Driessche P, Watmough J: Reproductive numbers and
subthreshold endemic equilibria for compartmental models of disease
transmission. Math Biosci 2002, 180:28-48.

28. National Statistical OfficeThailand. [http://web.nso.go.th/eng/stat/stat.htm].
29. The World Factbook. [https://www.cia.gov/library/publications/the-world-

factbook/geos/th.html].
30. Hampson AW: Epidemiological data on influenza in asian countries.

Vaccine 1999, 17:S19-S23.

Coburn et al. BMC Public Health 2011, 11(Suppl 1):S6
http://www.biomedcentral.com/1471-2458-11-S1-S6

Page 8 of 10

http://www.biomedcentral.com/1471-2458/11?issue=S1
http://www.biomedcentral.com/1471-2458/11?issue=S1
http://www.ncbi.nlm.nih.gov/pubmed/14645836?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12624243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16323086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16323086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17257572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17257572?dopt=Abstract
http://www.cdc.gov/h1n1flu/
http://www.ncbi.nlm.nih.gov/pubmed/19433588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465683?dopt=Abstract
http://www.who.int/csr/disease/avian_influenza/country/en/index.html
http://www.who.int/csr/disease/avian_influenza/country/en/index.html
http://www.ncbi.nlm.nih.gov/pubmed/9716966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15917759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8077918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6973418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6973418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6973418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8760422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8760422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8760422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19545404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19545404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17010999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17187567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17187567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12917448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12917448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16494710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16494711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16494711?dopt=Abstract
http://web.nso.go.th/eng/stat/stat.htm
https://www.cia.gov/library/publications/the-world-factbook/geos/th.html
https://www.cia.gov/library/publications/the-world-factbook/geos/th.html
http://www.ncbi.nlm.nih.gov/pubmed/10471175?dopt=Abstract


31. Pig stocks in Thailand, 1991-1996. [http://www.fao.org/docrep/W6437T/
w6437t02.htm].

32. Selected indicator of food and agriculture development in Asia-Pacific
region. [http://www.fao.org/docrep/004/AD452E/ad452e2x.htm].

Appendix
Multi-strain/multi-host model
We use the multi-strain/multi-host (MSMH) model to simulate the spread of
influenza in bird, pigs, and humans. Each species has a set of susceptible-
infectious-susceptible (SIS) type differential equations that govern the spread
of certain strains in that population. Moreover, some host species can infect
other species with specific strains, but this ability is generally not symmetric.
For example, birds can infect pigs with an avian strain, but the pigs cannot
pass the avian strain back into the avian population. All infections follow a
“mass action” structure, and recruitment is into the susceptible subclass, so
the birth term is logistic and based on the entire population. The three host
species are coupled by external inputs of avian and human strains from the
respective hosts to the pigs and a super-strain external input from the pigs
to the humans.
The subscripts b, p, and h denote birds, pigs, and humans, respectively.Si(t) is
the density of susceptibles for species i at time t; Ii,j(t) is the density of jth
infectious individuals for species i at time t; and Ji(t) is the density of super-
infectious individuals for species i at time t. b is the per capita incidence
rate, a is the recovery rate, v is the disease-induced mortality rate (virulence).
r is the intrinsic growth, K is the carrying capacity, and N is the total
population. More specifically, Nb=Sb+Ib, Np=Sp+Ip,1+Ip,2+Ip,12+Jp, and Nh=Sh+Ih
+Jh. δh is the super-transmission rate in which super-infectious humans Jh
infect individuals in the group Ih. Ψp is the rate at which co-infected pigs
become super-infected. gb and gh are the transmission rates in which birds
and humans infect pigs, respectively. gp the transmission rate super-
infectious pigs infect humans.
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Basic reproductive numbers
In this section, we calculate the basic reproductive numbers R0 for the
MSMH model. In general, R0 for an independent strain (i.e., when the MSMH
model is reduced to a species’ susceptibles and specified infectious
individual) is

R
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v0 
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For example, the basic reproductive number for the independent super-
strain in humans is
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We calculate R0 for the MSMH model by using the methods for
compartmental models provided in [27]. We calculate about the disease-free
equilibrium point (Kb,0,Kp,0,0,0,0,Kh,0,0). The next-generation matrix (FV-1) is
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The basic reproductive number (i.e., the spectral radius of FV-1) for the
MSMH model is
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which is the maximum basic reproductive number of the strains in the three
host populations.
Parameter values
To calibrate the human parameters, we set the parameter values for the two
strains in humans to reflect a seasonal strain and a transmissible avian strain
with the virulence of H5N1. We use data from Thailand because of the
surveillance of strains and the prevalence of the avian strain H5N1. To
determine the logistic growth parameters in humans, we use data for the
total population of Thailand [28,29]. We best-fit the data to the solution of
the logistic equation given by

p t
K S t e

K S t e
h h

r t

h h
r t

h

h
( )

( )

( )( )
,

 1

using the method of least squares (Fig. S1). The parameters were
determined using iterative methods: Kh=87.3, Sh(0)=3.983, and rh=0.038. In a
study by the National Institute of Health in Thailand [22], case specimens of
influenza were taken from patients in 2004 and 2005. It was determined that
the numbers of cases of influenza-like illness for 2004 and 2005 were 21,176
and 21,351 per 100,000 people, respectively. The study also sampled
specimens for influenza type and subtype. We determined that the
incidence bh,1 for the endemic strain of influenza is 0.0253 and 0.0273 for
the years 2004 and 2005, respectively. The incidence bh,2 of the avian strain
H5N1 for 2004 was determined to be 0.00084. A summary report on
influenza in Asian countries from 1999 cites the annual mortality due to
pneumonia as 176 per 100,000 people [30], so we let the disease-induced
mortality rate be vh,1=0.00176 and the recovery rate ah,1=0.99824. The World
Health Organization (WHO) reported on June 2008 that the number of
confirmed cases due to H5N1 in Thailand was 25 and the number of deaths
was 17 [8], so let the disease-induced mortality of the super-strain to be
vh,2=0.68 and recovery rate ah,2=0.32.
To calibrate the pig parameters, we used data from the Food and
Agriculture Organization of the United Nations (FAO) on pig populations
[31,32] and fit the data using the same methodology as in the humans
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(see above). The parameters for the logistic growth term were determined
to be Kp=9.16, Sp(0)=0.002, and rp=0.093. Due to the limited data on
influenza in pigs, we assumed reasonable values (i.e., similar to the values for
humans) for the remaining parameters. We assumed the birds have the
same parameters as humans; that is, the single strain will have the same
values as the endemics strain in humans.

doi:10.1186/1471-2458-11-S1-S6
Cite this article as: Coburn et al.: Emergence and dynamics of influenza
super-strains. BMC Public Health 2011 11(Suppl 1):S6.
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