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Controlling disease spread on networks with incomplete knowledge

B. Dybiec
Institute of Physics, Jagellonian University, 30-059 Krakéw, Poland

A. Kleczkowski and C. A. Gilligaﬁc
Department of Plant Sciences, University of Cambridge, Cambridge CB2 3EA, England
(Received 19 January 2004; revised manuscript received 1 October 2004; published 28 December 2004

Models for control of highly infectious diseases on local, small-world, and scale-free networks are consid-
ered, with only partial information accessible about the status of individuals and their connections. We consider
a case when individuals can be infectious before showing symptoms and thus before detection. For small to
moderately severe incidence of infection with a small number of nonlocal links, it is possible to control disease
spread by using purely local methods applied in a neighborhood centered around a detected infectious indi-
vidual. There exists an optimal radius for such a control neighborhood leading to the lowest severity of the
epidemic in terms of economic costs associated with disease and treatment. The efficiency of a local control
strategy is very sensitive to the choice of the radius. Below the optimal radius, the local strategy is unsuccess-
ful; the disease spreads throughout the system, necessitating treatment of the whole population. At the other
extreme, a strategy involving a neighborhood that is too large controls the disease but is wasteful of resources.
It is not possible to stop an epidemic on scale-free networks by preventive actions, unless a large proportion of
the population is treated.
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I. INTRODUCTION graphical location than long-ranggoccasional links. The
control of large outbreaks also raises the question of eco-

The last two decades have seen several large-scale epjomic aspects of disease treatmgh@]. Traditionally, suc-
demics of international importance, including human, ani-cessful control was understood in terms of reducing the num-
mal, and plant epidemics. Notable among these are SARBer of individuals affected by the disease, regardless of cost.
[1], foot-and-mouth diseag€], Dutch elm diseasf8], citrus  Thjs might be justified when the treatment is cheap, but often
canker[4], sudden oak deafs], and rhizomanig6]. Apart  the epidemic must be stopped at a manageable cost and with
from wide geographic range, massive losses, and large cosigjted resourceg11]. Here we adopt a simple approach to
for attempted containment, the epidemics have several fagsptimize a control strategy for a linear sum of the numbers of
tors in common. They all spread on complicated networksndividuals that have been through the disease and the num-
with a mixture of short- and long-range links that are oftenpers that have been treated.
difficult or impossible to identify, despite great effort in-  \ye also assume that upon infection, each individual en-
vested in tracking contactf?]. There is also incomplete ters a presymptomatic state in which it can infect other indi-
knowledge about the epidemiological status of individuals,iguals, but does not trigger any control action. We compen-
(humans, animals, herds or farms, fields or plam& in-  gate for the lack of knowledge by extending the control of
fected individual can initially go undetected or untreatedthe disease to a larger, but still local, neighborhood. Even
while spreading the disease to other individuals. when there are no long-range links, the preventive measures

In this paper, we compare the efficiencylotal control  need to cover an extended neighborhood so that it contains
strategies for stopping the spread of a disease on networkg potentially infected, but not yet symptomatic, individuals.
with a mixturg of local and global links and cryptic infection. \ypen long-range links are included, it is more likely that the
The topologies range from purely local spread on a onegisease has already been transmitted outside the ring before
dimensional lattice, typical of epidemics of coastal sea mamgetection. However, we show that if the control ring is large

mals [7], and a two-dimensional lattice, through “small- enough and there are only few shortcuts, there is still a pos-
world” networks[8] with predominantly local spread and a sibility of stopping the spread of disease.

small proportion of global links, to scale-free netwofk§.

We assume that in attempts to control the epidemic, knowl-
edge about the network structure is limited to local links
only. The local links are much easier to define and track for
a real-life epidemiqas they are largely determined by geo-

Il. MODEL

We consider three basic topological structures, a one-
dimensional ringSW1D) and a two-dimensional regular lat-
tice (SW2D), both with the addition of shortcuts leading to

*Electronic address: bartek@th.if.uj.edu.pl small world topologieq8], and a scale-free topologysF
"Electronic address: adamk@mathbio.com [9]. The disease spreads on the full network, including any
*Electronic address: cagl@cam.ac.uk local and global links. The control actions can only follow a
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Disease control Disease spread, disconnected and that fo€,=C, the control network is

second-order  —O—O4OMO—0O—0) n;gﬂggrrﬂigd equivalent to the infection network. The control algorithm

neighborhood 0".. allocates neighbors by following all links to a given order
700 0O ONO g y g g der,

on the control network. Infection and control networks for
the SF topology correspond to epidemic and control neigh-
borhoods for the SW1 and SW2 topologies.

For the epidemiological part of the model, we choose a
SIR model[12] modified so that it includes pre- and post-
symptomatic individualgboth contributing to the spread of
infection) and distinguishes between recovered and treated
nodes. We assume that all nodes in a network are occupied.
The initial state is a mixture of the majority of susceptible
individuals, with the addition of a few0.5% of the total

~ FIG. 1. SW2D topology: In this example, a symptomatic indi- hopylatior) infectious (and symptomaticindividuals. This
wdua} (black circle is in contact Wlth |t§ four nearest neighbors on corresponds to the initial stage of an epidemic at the moment
tczengs;:zebr;e;"vsoh”::;ﬂ(teiltl)i'naarskc:'g'tl)'ynzf;yu?:riTgstoT%r;ec';?‘?% i é/vhen decisions about controlling the outbreak need to be
' ) ade. A susceptible individu&@ can be infected with prob-

limited to the 12 neighbors in up to the second-order neighborhooo',n - . . L L
i.e., eight second-order neighbors and four first-order neighbors?b'“ty_ p by any infectious or symptomatl(? 'nd“{'dual In its
and the symptomatic individual itself, on a treatment networkinfection neighborhood. Upon successful infection, it moves
(marked by hatched circles and a broken-line sqyare2. to an infected and presymptomatic clas¥Vhen the disease
is diagnosed, an individual moves to the detected class
with probability . A detected individual can subsequently

subset of those links, and in particular for the SW1D andmove to the recovered clags(with probabilityr of a spon-

SW2D topologies we assume that the subset contains loci2nNeous recovepyor can trigger a control measukgvith

links only (Fig. 1); see below for details of the SF network. probabilityv). Control affects all individuals within the con-
For the SW2D topologyFig. 1), the starting point is a trol neighborhoodincluding the one that has triggered. it

two-dimensional regular lattice with periodic boundary con-NeitherR norV can recover or become reinfected. The tran-

ditions, with the first-order neighborhood spanning four near._sitions and their probabilities are summarized in the follow-

est neighbors, the second-order neighborhood including eigfiig graph:

neighbors, etc. The SW1D topology is constructed in the

same way, taking a ringlD chain with periodic boundary

conditiong as a starting point. For compatibility with the R

SW2D topology, we define the first-order neighborhood as r

spanning four nearest neighbdt&/o on the left and two on p q

the righy. Higher-order neighborhoods are then defined itera- S—I1—-D . (1)

tively (with four neighbors in each orderFor SW1D and v

SW2D, the disease can spread locally within the first-order pN

neighborhood and along additional linkshortcut$ leading Vv

to individuals not in the first-order neighborhood. The indi-

viduals that are located in the local neighborhood up to a

fixed order,z, can be treated by control actiofis=1). The = We denote the total number of nodesNyand the number of

control network excludes all additional long-range links.  susceptible nodes bS, infected byl, detected byD, recov-
The SF topology for the disease spread is created followered byR, and treated by.

ing the Barabdsi-Albert algorithnf9]. To the initial fully Transition probabilties were calculated and the state of the

connected core of siz€, additional nodes are added as fol- system updated at each step, with a fixadd small time

lows. Every new node is connected@oolder nodes, which increment. The simulation loop was performed UtsilT .,

are chosen according to a preferential attachment rule, i.eor I(t)+D(t)=0, whichever occurred sooner. An arbitrary

the probability that the new node is connected to the ndsle value of T, was selected to allow all simulations to finish

equal toki/Zk;, wherek; is the number of links already at- due to lack of infectious and detected individuals. For a

tached to a node We assume that disease can spread to alfjiven set of parameters, 2500 realizations were simulated,

nodes connected to an infected node by a direct link only, offior the total number of nodes equal to 2500. The sample was

a full (infection) network. Incomplete knowledge of links for subdivided into 50 groups, arid andV computed for each

controlling the epidemics is modeled by considering a subsejroup. Average optimal radius and its variability were then

of the full network (control networl, with the firstC; (C, estimated based on data for each of the 50 grgtgsde-

=<C) links from the nodes outside the core included only.tails, see beloy Different sizes of disease spread neighbor-

Every node from the core can be connected to ut@r  hood, different initial conditions, larger sizes of the network,

C-1 (whichever is smallgrnodes with smaller numbers. and larger sample sizes were explored as well, but they did

Such a mechanism guarantees that the control network is nabt change the results qualitatively.
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Ill. RESULTS

We define a severity indeX = R(w)+V(x), representing
a linear combination of the severity of an outbreak at the end
of an epidemic measured by the number of affected individu-
als (R) and the costs of treating {the number of treated
individuals,V). We varied all parameters, excepfhe treat-
ment rangez (order of the treatment neighborhgodaried =
between 1 and 15. The rate of a spontaneous recovery wa>
small,r=0.01, givingR(e«)/V(«) < 0.037, soX is dominated
by the number of treated individualg().

First, we consider the case with no shortcuts and concen
trate on the role of undetected infectious individuals in de-
signing control strategies. The general shape of the severit
index, X=R(«)+V(x), as a function of the range of the con-
trol neighborhoodz, and the probability of infectiop (Fig.

2), is very similar for all networks. For fixed and not very
small p, the severity index is high for small values of
decreases rapidly wherreaches an optimal value=z;, and
subsequently increases again. Thus, for highly infectious dis- 4qq.
easegqlarge p) or when the treatment neighborhood is small
(smallz), the control is unsuccessful, and almost all individu- 80+
als are either affected by the disease or need to be treate__ g4 |
preventively. In contrast, for large the epidemic is stopped &
very quickly, butX increases wittz as more and more indi- x
viduals are treated. For smat the control is successful for

the SW1D and SW2D topologies, leading to small values of
z. andX. For the SF topology, the severity index is very high
for all values ofp andz, and the minimum is not well de-
fined (similarly for SW1D and SW2D networks with many
shortcuts, see below

X and z; both increase with increasing probability of in- e
fection, p (Fig. 3), and decrease with increasing probability e g
of detectiong. The SW1D topology is easiest to control and a——
produces less severe epidemics than the SW2D topology. Fc
the SF networks, we need to extend the control to almost the 100

whole population for all but the lowest values pf(or for 05

g=1). The difference is primarily due to the actual size of

the neighborhood of a given order in different topologies. 5 90+

For example, a single control neighborhood of ordet8 ;T 85.

includes 1.3% of all nodes in the SW1D topology, 5.8% in ~ 100
the SW2D topology, and about 48% in the SF topol¢igy 80 _ e %
N=2500,C=5, C,=1; for SF this proportion is even higher N L L ‘ S ' 60

for larger C,/C ratios. Increasing the probability for detec- 750‘ ' : 40

tion decreaseg, and X of the disease at this optimum, but 10 20

the decrease is small and quickly settles on an asymptote. ; 15 0 P L%l

Addition of shortcuts makes the local control less efficient -~ Severity indeX=R(x)+V(=)] as a function of the
as the_dlsease may Jump to new Iocatlon_s ogts_lde the COntrﬂJeatment neighborhood, and probability of infectionp, for (from
rlng_(Flg. 1). The X dependence op andzis similar to thgt_ top to bottom the SW1D, SW2D, and SF topologgverage over
in Fig. 2, but the surfaces are shifted upwards and minim&q repjicates Large dots show the optimal range of the control
become less pronounced. If the proportion of long-rang&eighborhoodz, for a given probability. There were no shortcuts
links is small, it is still possible to control the disease by for the SW1D and SW2D networks. Other parametersca®.5,
local preventive treatment. The qualitative behaviozgdnd  1=0.01,0=0.1,C=5, C;=1. X is an average value over 50 simula-
X does not change for the proportion of shortcuts up to 1.3%ion runs.
of the total number of linkgFig. 4), although the severity
increases slightly due to more infections being produced beworks (Fig. 4), where most individuals need to be treated
fore the disease is stopped. When the number of shortcuts islessp is very small. For the SF network,~ 8 (not shown
larger, z. becomes largeX to N, and the disease escapesin Fig. 4 for clarity) and about 48% of the population is
control. The behavior becomes then similar to the SF nettreated in a single action.
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. ) ) FIG. 4. Optimal range of the control neighborhoag, and the
FIG. 3. Optimal range of a control neighborhoag, is shown  gq\erity index,X, are shown as a function of the probability to
here as a function of the probability of infectiop, and the prob- | tact p for the SW1D(left column and SW2D(right column
ability for a transition to the detected statg for networks without | tvorks with shortcuts. Other parameters gre0.5, r=0.01, v
shortcuts. In addition, the severity indeX, is shown as a function  —q 1 pifferent symbols denote an increasing number of shortcuts:
of p andg, corresponding to a minimal severity index under the | . 5 3(0.06% of total number of links in the control netwark
optimal local strategyx, SW1D; +, SW2D; *, SF. Other param- * 15 (0.3%); [, 63 (1.3%); W, 255(5.1%; and °, 102320.5%

eters areq=0.5 (left pane), p=0.5 (right pane), r=0.01,v=0.1,  ghqrcyts. «, in the severity plots, corresponds to the SF network.
C=5, C,=1. The results for the probability to treat, are similar to Details of simulations as in Fig. 3.

the results folg and are not shown here. Mean valuezgtind the
standard deviation were estimated by averaging over 50 valugs of

for each group. rings are needed with the increasing proportion of shortcuts

(Fig. 4. An alternative strategy would be to increase our
knowledge of network topology, primarily targeting highly
connected individual§l3].

There is a clear distinction between the case when the

A successful disease control strategy involves a combina\— | | ¥ d the di b d earl d
tion of local and global, reactive, and preventive actif?is ocal control works and the disease can be stopped early, an
/hen it does not work and we need to treat most of the

However, models of disease spread used to design appropW i L : . .
ate control often use mean-field approximatié8sand as- population. This is reflected in an existence of the optimal

sume perfect knowledge of both the status of each individugfontrol radiusz.. Making the ring of control even a fraction
aIarger might lead to a dramatic increase in the efficiency of

re- and postsymptomatic individualg] and the structure . . . ) )
(P b yrp AK2] the treatmen{Fig. 2). The existence of a critical ring size

of links [12,13. Obtaining this information can be very ex- =" ) X ; i
pensive and time-consuming, particularly for networks with™ight suggest that the epidemic spread with local control is
equivalent to percolation. The equivalence has been shown

nonlocal links. It might be necessary to know not only thef ith a alobal 1 ; local |
geographical location of new caséso that they and their '°F systems with a g oba_contr@ 4, but for a local contro
this requires further studies.

immediate neighbors can be treatdalit also all possible
connections that can span the whole population. For authori-
ties faced with a large-scale epidemic, the collection of such
data might be difficult. Our results show that in some cases it B.D. was supported by the British Council-Polish State
is possible to control epidemics by actions that are purel\Committee for Scientific Resear¢dikkBN) Grant No. WAR

local and therefore do not require extensive contact tracking342/01 and by Polish State Committee for Scientific Re-
by extending the diameter of the control ring. However, thesearch(KBN) Grant No. 2P03B0822%2003-2006. A.K.

costs of such treatment can build up very quickly as largekas partially supported by DEFRA and C.A.G. by BBSRC.

IV. DISCUSSION
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