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Abstract—Traditional models for geographical spreadobserved wild bird or an entire poultry farm. What matters
of infectious agents invoke aftlision mechanism. By ob- for the model is identifying discrete locations in time and
serving the global distribution of avian influenza outbr®akspace, and linking them together. Analysis of this network
among wild and domestic birds, we show that this modedhows that it is scale-free. Thatis, the number of links from
is not appropriate. We find that the outbreaks of avian ira given nodék > 1 has probability distribution
fluenza follow a scale-free distribution that can accuyatel
model connectivity between outbreaks on a scale-free com- P(k) = ﬂ
plex network. We explore possible mechanisms that can 1462)

generate such complex transmission dynamics. Our re-

sults indicate that heterogeneity in both the human al \ﬁc')t: 7|f>11' Thi dzetnhc')g](ljr'];trc'{)()?'(;i El)eerga:wnorlsh;e;a;l:"r:]c't-e
animal populations is inghicient to explain our results. on. NI IS distributi v nl

. o mean. Evenif %< y < 3the variance of the number of links
Only when we model the potential transmission pathways ... " .

. . IS infinite and therefore even with very small (but non-zero)
between flocks with a scale-free network do we obtain &

scale-free distribution of connectivity between outbreak rate of transmission, transmission wil St'" persist [6]. -
The links between nodes are determined by proximity

and represent potential transmission pathways. Two nodes
1. Introduction are linked if transmission between them is possible. Ide-
ally, we should treat the actual transmission pathways, But
Although complex networks have been observed in #hat information is not available. We therefore assume that
wide variety of physical and social systems [1, 12, 8, 7{ransmission can occur only over a local area (in both time
and there has been substantial discussion that such strapd space). We have considered both the un-weighted net-
tures may underlie transmission of infectious agents withiwork and a weighted version. The un-weighted version is
various communities [9, 10, 11], there is currently neequivalentto assigning a non-zero (butvanishing) prdbabi
direct experimental evidence supporting this hypothesiiy of transmission between any two nodes in the network.
Nonetheless, a number of theoretical studies have shoWwnar the weighted network we consider only the most plau-
that topological structures typical of complex networksible pathways. Although there is good reason to suppose
lead to transmission dynamics markedlfelient from that that transmission of this virus between bird flocks may fol-
predicted by standard disease transmission models. In thisv a scale-free distribution [5], it is currently not obu®
paper we examine the global spatio-temporal distributiothat the traditional, and alternative, uniform mixing misde
of avian influenza cases in both wild and domestic birdgre inadequate.
and find that the network of outbreaks, and the links be-
tween them for_ms_a s_cal_e-fref\e network. We find that thg Turning the data into a network
exponent of this distribution is less than 2 and therefore
the distribution has neither finite mean or variance. Con- The data are a compilation of all reported avian cases of
sequently, in contrast to standard mathematical models afian influenza between 25 November 2003 and 10 March
disease transmission [2, 6], the current avian influenza o007 consisting of 3346 recorded cases. For each case,
break does not exhibit a positive threshold: the diseade wihe date of the outbreak and the location (longitudg,
continue to propagate even with a vanishingly small rate eind latitudep,) are recorded. Individual cases may either
transmission. be wild birds that are found post-mortem and determined
In this paper we are interested in the global spatico be infected with a strain of avian influenza or the de-
temporal transmission of avian influenza. Each node in thection of an avian influenza strain in a domestic flock.
network is a particular outbreak of avian influenza and linkBata relating to the magnitude of each incident are also
between nodes are determined based on spatio-tempaedorded. The data originally come from World Organisa-
proximity. Hence, a node in our network could be a singléion for Animal Health alerts (see htfpwww.oie.inf) and
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Figure 2: Rate of transmission of avian influenza. In
each of ,b,0 we computed the maximum distance be-
tween reported avian influenza cases as a function of time.
(a) The global rate of transmission is depicted (all coun-
tries) along with an average rate of spread of about 61
km/day. In panellf) and €) we repeat the same calcula-
tion for cases reported in Vietham and Russia. The aver-
age rate of spread within these two geographical regions is
about 37 kriday in () and 25 kniday in ). The rate of
spread computed in pana)(eflects the fact that transmis-
sionisin 2 dimensions (i.e. tttameter grows by about 60
km/day), whereas pandb) and €) reflect situations where
Figure 1: Avian influenza case data. (a) Raw data the disease propagation is in one linear direction only (i.e
displayed within Google Earth (htfigearth.google.coft  the growth of theradius is being measured). In the case
Circles indicate animal cases, triangles denote humai Vietnam p) this is due to the unique geography of the
cases. Colour coding is by dat®) Part of the data used in country: two initial outbreaks centred in Hanoi and Ho Chi
this study, overlayed against a crude map of the coastlinginh City spread roughly south and north, respectively. In
of East Asia. Human cases are marked with crosses, amussia €) the reported cases represent the spread of avian
mal cases with solid circles. Colour coding is by date. Thifluenza from Asia to Europe along the Kazakhstan bor-
three large clusters correspond to the outbreaks in Cambger.
dia and in the north and south of Vietham (around Hanoi
and Ho Chi Minh City), respectively. In pank] the coast

. . : : . and
of Hainan island is marked in the north-east of the imagé O<(ti-t)<T @)
and outbreaks in Hong Kong are shown in yellow in the - max
extreme north-east corner. whered(i, j) is the great circle distance between noded
nodeq in kilometres andu is a positive constant (units

has been manually entered using ArcGIS and converté’(ﬁ kmyday) corresponding to the approximate geographi-

to Keyhole Markup Language (KML) using Arc2Earthca| rate of transmission of the virus. Great circle distance
(httpy/www.arc2earth.coff. The data is available, in is computed from longitude and latitude using standard
a format compatible with Google Earth (KML), from spherical geometry and a value Rf= 6372795 km for

httpy/www.declanbutler.infd-lumaps lavianflu.html. Fig. the Ladil:]s ,Of th? (a,SS‘,‘med Ejo be spherical) earth. is arbi
1 depicts one snapshot of this data. The choice of criterion to determine connectivity is arbi-

Each incident t, 1, ,) corresponds to a node on thelrary but also natural. If we assume that the geographical

graph of infection links. We construct a directed link from'ate of transmission of the virus is uniform gnd eqL_Jak,to
nodei (t;, 4, ;) to nodej (ti, A:, ) if then node-is deemed to be connected to nodéthe virus
1> 74 #1 ]2t ¥)

at nodet can travel as far as nodebefore the outbreak is
dii, j) < (tj —t)u (1) observed to occur at nodeand sooner thalmax days. We
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Figure 3:Network connectivity (adjacency) matrix. Both panels depict the connections present in the netwaticksl

according to the criteria (1) and (2). If there exists a catioa from nodd (vertical axis) to node (horizontal) then the
point (j, i) is marked. In paneld) the nodes are ordered according to time (thait is,j only if t; < t;). In panel p) the

points are ordered approximately geographically.

have varied both parameterandTnax Over a wide range our initial assumptions concerning connectivity (1) ang (2
of values (3< u < 50 knyday and 5< Tmax < 30 days) and the inevitable incompleteness of available data.

and have not found significant qualitative variation in the

results. For the sake of brevity and concreteness the rest of

this report focuses on the Speciﬁc Vahmx =10 days In Flg 4 (b) we deplCt the link distribution and an es-
andyu = 25 knyday. The choice of 25 kyday is motivated timate of the scale exponent. We observe that by altering
by the apparent rate of spread of avian influenza cases Trmax Of « We can change, but changing these parameters
the early stage of the outbreak as depicted in Figure 2. Ti§@€s not &ect our main result: the network is scale-free

choice of 10 days is only to provide more easily visible reand has infinite mean and variance. Conversely, increas-
sults. ing this average number of connections or choosing a more

complicated metric (rather than great circle distance) can
increase the connectedness of the final network.
3. Properties of that network

Figure 3 depicts the adjacency matrix for this network. It is worth noting that we observe a fairly low scale ex-
In Fig. 3 (a) the diagonal structure of the matrix indicateponenty ~ 1.2. This is lower than the oft-cited “typical”
connection between temporally adjacent nodes. The clusnge of 2< y < 3, but of the same order of magnitude
tering in Fig. 3 (b) is due to geographical localisation. Thes experimental results for human travel [8]% 1.6) and
sample average number of connections from a given nodsimilar to the network scaling/(~ 1.8) reported for e-mail
is (a relatively large) 18 and because of our criterion for collaborative networks [4]. In this study, we have not tchce
selecting connectivity, nodes are connected only if they athe actual infection pathways. Instead, we take the ob-
separated by no more than 10 days. Hence, the fact that $erved data for outbreaks of avian influenza and construct
data spans 1203 days indicates that the shortest path beaietwork thatontains part of the underlying transmission
tween random nodes can be very large: hence, this is nuaths. We assume that the virus propagates at a constant
a small-world network. However, the reason for this is enand relatively modest rate, and related events must be rel-
tirely artificial. The geographical connectivity may we# b atively close in time. Certainly, delays in detection and
small-world, but because we constrain nodes in time, thigporting of cases, and long-distances transmission xfor e
feature is suppressed. However, the available data makeiple, via migratory birds) would violate these assump-
impossible to resolve this issue. Nonetheless, the regultdions. Hence the network we construct is inevitably only
network is scale-free. This is evident from Fig. 4. Figurean approximation. Nonetheless, the basic result remains
4 (a) illustrates that this network is composed of discretealid: the spatial-temporal connectedness (defined by (1)
clusters. The two main reasons for this disconnectednessisd (2)) is scale-free.
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Figure 4: Network degree distribution. In the upper
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