
Abstract

Aiming to achieve new insights into rabies dynamics, this paper is
the first to investigate fox rabies in Germany from a space-time pat-
tern perspective. Based on a locally restricted dataset covering a four-
teen month period, our findings indicate a strongly aggregated spatio-
temporal point pattern resulting from an inhomogeneous stochastic
process. In contrast to spatial or temporal approaches or cellular
automata, our analysis focuses on the disease dynamics in time and
space in a continuous time domain. Our findings confirm existing the-
ories regarding fox rabies control highlighting the potential risk of
urban areas and the need for effective rabies vaccination.

Introduction

This paper investigates the incidence of fox rabies from a spatio-
temporal point process perspective aiming to contribute new insights
into the disease dynamics. More formally, we assume that the observed
incident cases are realizations from a stochastic process evolving in a
spatio-temporal domain. Thus, our analysis is based on a random

countable set of events:

{(si, ti,), i=1,…,k}

where si∈ S refers to the location and ti∈ T to the time of occurrence
of event i within a bounded spatio-temporal observation window S×T
⊂ℝ2×ℝ (cf. Diggle, 2014; Cressie and Wikle, 2011).
Rabies is present worldwide, but the greatest burden of the disease

is in the developing countries, where dog-mediated rabies causes
approximately 74,000 [95% confidence interval (CI) 48,000-106,000]
human deaths annually, in particular in Asia and Africa. Tragically,
40% of people who are bitten by suspect rabid animals are children
(World Health Organization, 2013). 
In Europe, where rabies is largely mediated by wildlife carnivores,

oral rabies vaccination (ORV) is a proven efficient method of control.
During the past decades, the implementation of ORV considerably
improved the rabies situation in Europe and several countries have
been officially recognized as being free of terrestrial rabies (Freuling
et al., 2013). In Germany, fox rabies has been present since the 1950s.
The application of large scale ORV reduced the endemic area to a min-
imum, i.e. to a limited part of the South of the Federal State of Hessen.
In 2005, the final phase of terrestrial rabies eradication in Germany
was put at risk by a severe setback due to re-introduction of the dis-
ease in the state of Rhineland-Palatinate from neighbouring Hessen
after seven years of absence.
In this paper, we restrict our analysis to a 14-month period in the

area on the Western side of the River Rhine in Rhineland-Palatinate.
This outbreak lasted for one year only due to swift reactions and appli-
cation of an adapted vaccination protocol, eventually leading to rabies
elimination in 2006 and declaration of Germany as officially free of ter-
restrial rabies in 2008 (Selhorst et al., 2012). The Rhineland-
Palatinate outbreak was the first after a 7-year period of absence and
thus appearing in a completely unprotected fox population. As a direct
result, our analysis concentrates on a purely non-vaccinated area
strictly before 2005 and highlights the effects resulting from outbreak
defence strategies based on strict vaccination protocols. 
Until now, a limited number of data analyses have been carried out

and they have been based on cellular automata (CA), where time and
space are treated as discrete. Formally, CA assumes a finite or denu-
merable set of homogeneous, simple units (cells) and a finite set of
states evolving in parallel at discrete time steps (Eisinger and Thulke,
2008). For applications of CA in animal disease modelling see Thulke
et al. (1999) and the literature cited therein. 
This paper presents an alternative approach within the continuous

spatio-temporal domain compared to CA. Besides the spatio-temporal
analysis, we calculated statistics related to the spatial as well as tem-
poral domain separately. The analysis was carried out using R and the
stpp-package (R Core Team, 2014; Gabriel et al., 2013). 
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Materials and Methods

Data
The datasets used were provided by the Federal Research Institute

for Animal Health (Riems, Germany) based on reported cases of the
responsible veterinary authorities. A 14-month subsample was taken
containing cases recorded from January 1, 2005 to February 28, 2006.
Within this period, 36 events related to 25 dates were observed within
time T=[14.01.2005, 03.02.2006] and area S=[(372,890.9; 464,352.7)],
(5,424,623; 5,548,544)] consisting of 34 foxes and 1 horse as well as 1
roe-deer incident to fox rabies. 

Characteristics of spatio-temporal point processes 
                         Point process data is most often described using

first- and second-order intensity functions as well as distance related
measures. For a given random countable set of k events {(si, ti,), i=1,…
,k} we can define the intensity l (s,t) of the process as:

                                    eq. 1

where ds refers to an infinitesimal neighbourhood; dt an infinitesimal
interval in time; and N (ds, dt) the number of events in dsdt. Hence l
(s,t) represents the expected (mean) number of events per unit area
per unit time which can be estimated from empirical data as: 

                                                                                                                

                                                                       eq. 2

If the first-order intensity is invariant under translation such that l
(s,t)=l holds for all pairs (s,t) in S×T, we call the stochastic spatio-
temporal point process to be first-order or strongly stationary (homoge-
neous). Besides focusing on the mean number of events per unit area
per unit time, we can derive the second-order properties, which are
related to the variance of events per unit area per unit time as follows.
Setting t,t’∈ T and s,s’ ∈S, where t ≠ t’, s ≠ s’ we can define the sec-
ond-order intensity function as:

    eq. 3

In addition, conditional on t,s’ the second-order conditional intensity
is given as: 

    eq. 4

Besides the already described intensity functions, the covariance
density g ((s,t),(s’,t’)) and the point pair correlation function g
((s,t),(s’,t’)) as distance related measures can be used to describe sec-
ond order properties. These are defined as:

g ((s,t),(s’,t’))=l2 ((s,t), (s’,t’)) - l ((s,t) l (s’,t’))                    eq. 5

respectively

    eq. 6

Obviously, both measures relate the second-order intensity to a prod-
uct of the corresponding first-order properties.
Based on the distribution of l2 (s,s’,t,t’) over the observation win-

dow, we can additionally gain insights into second-order stationarity.
Thus, a spatio-temporal point process is said to be second-order sta-
tionary if, and only if l2 (s,s’,t,t’)=l2 (s - s’, t - t’) is satisfied. Besides,
we call a process isotrophic if the second-order intensity is invariant
under rotation such that it can be rewritten as l2 (||s - s’||, |t - t’|).
Alternatively, setting 𝑢=||s - s’|| and 𝑣=|t - t’|, a point is called second-
order reweighted stationary if its intensity function is bounded away
from zero and its pair correlation function only depends on 𝑢 and 𝑣
(Diggle et al., 1995; Gabriel and Diggle, 2009).

Spatio-temporal separability
Separability embodies one possibility to reduce the complexity of

spatio-temporal modelling by using separable temporal and spatial
processes. Let lS (t) and lT (s) be the marginal spatial and temporal
intensities, respectively. Then, a spatio-temporal point process is said
to be first order separable if and only if l (s,t)=lS (t) lT (s).
Additionally, the process is said to be second-order separable if, and
only if g ((s,t),(s’,t’))=g (||s - s’||) g (|t - t’|).

Spatio-temporal K-function
An alternative possibility to describe the second-order properties of

a spatio-temporal process can be achieved by using Ripley’s K-function
encoding the probability of an arbitrary event within a certain distance
in space. Assuming stationarity and isotrophy, this immediately leads
to the following expression:

    eq. 7

where N0 refers to the number of further events within ||s - s’|| ∈ S |t -
t’| ∈ T. Thereby, ||s - s’ ||2|t - t’|π > K̂ (𝑢, 𝑣) indicates regularity, where-
as aggregation follows if ||s - s’ ||2|t - t’|π > K̂ (𝑢, 𝑣) (Gabriel and Diggle,
2009). Alternatively, we used an unbiased version of Ripley’s K-function
for inhomogeneous spatio-temporal processes as introduced by Gabriel
(2014):

   
eq. 8

where wij
_1 is the inverse of an edge correction factor, 𝕀 is an indica-

tor function, 𝑢 is ||s - s’ || and 𝑣 is |t - t’|.

Results

Temporal evolution
Restricted to the evolution of the process in time, we found a rapid

increase within the first two months within the timeframe considered.
The corresponding epidemic curve is shown in Figure 1.
As visualized by the epidemic curve, approximately 80% of all infec-

tions occurred in the first three months. Additionally, treating animal
type as mark of a purely spatial process shows a clear centred spatial
pattern at the eastern border of the observation window, which corre-
sponds to the river Rhine as shown in Figure 2. Additionally to this plot,
we investigated the spatial distribution by calculating the so called
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Figure 1. Rabies incidence evolution in the temporal domain.

Figure 2. Spatial point process with animal as mark.

Figure 3. Temporally marked point process. Different colour
shades correspond to the evolving time from light grey to black:
the most current events are shown as completely black. The
polygonal borders correspond to the analyzed districts belonging
to the Rhineland-Palatinate State.

Figure 4. The spatio-temporal inhomogeneous K-function.

Figure 5. The space-time inhomogeneous pair correlation func-
tion.

Figure 6. Mean time per area smoothing 2005 (A) to 2006 (B). C)
displays Delaunay triangulation algorithm related to the spatial
location. 
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quadrate counting. Here, we divided the observation window into sim-
ilar spaced sub-regions based on a regular grid and counted the num-
ber of observations falling into each quadrate. Under homogeneity, the
distribution of counts would appear similar and no clear pattern would
emerge.

Spatio-temporal processes
As discussed in Diggle (2014) and Schoenberg et al. (2006) a spatio-

temporal point process can be investigated as a spatially or temporally
marked. Therefore, we treated the spatio-temporal point process as
temporally marked aiming to identify a certain pattern in time and
space. The resulting plot is shown in Figure 3. 
Again, the spatial pattern displayed in Figure 2 is found in Figure 3

showing a clear centric structure in the very upper right corner. In
order to specify the observed pattern in more detail we calculated the
corresponding K function and pair-correlation function. To investigate
if spatio-temporal clustering or regularity of the observed point pattern
exists we computed K̂ (𝑢, 𝑣) - 2π𝑢2𝑣. Thus, negative values indicate K̂
(𝑢, 𝑣) < 2π𝑢2𝑣. The resulting plot is shown in Figure 4, where the 𝑣=|t-
t’| distances are displayed on the y axis while the 𝑢=||s - s’|| distances
are shown on the x axis. Obviously, inspecting the contour lines visu-
alizes a huge variation of K̂ (𝑢, 𝑣) - 2π𝑢2𝑣. A clearly centroid structure
emerged where blue colours relate to aggregation and red colours to
regularity. Thus, this plot emphasized a highly aggregated point pattern
within 𝑢=[1500; 8000] and 𝑣=[5; 25]. In contrast, we observed regu-
larity only in the very upper right corner of Figure 4.
A similar interpretation is obtained with respect to the pair correla-

tion function as plotted in Figure 5, where we again observed a high-
level pair correlation within small spatial and temporal distances. This
relation slightly decreased from bottom to top and left to right and van-
ished completely when inspecting the upper boundaries of 𝑢 and 𝑣.
We calculated also a Kernel density estimate as described in Akima

(1978, 1996) based on bilinear (left panel) or bi-cubic spline (middle
panel) smoothing as shown in Figure 6. Here, the bilinear smoothing
was computed using a Delaunay triangulation algorithm related to the
spatial location as displayed in the right panel of Figure 6. Neighboring
locations resulting from triangular tessellation in space were used to
determine the coefficients of the interpolation polynomial indicating
the mean intensity in time. Here, the yellow shaded red colors corre-
spond to high mean times, while blue and green colours encode lower
mean time values. Both densities showed a similar temporal intensity
pattern. The red highlighted areas of both contour plots completely
intersected with the geographical location of large cities in the
Rhineland-Palatinate State.

Discussion

The occurrence of fox rabies in Rhineland-Palatinate has been
shown to be inhomogeneous in time and in space. We discovered a
strongly aggregated pattern strictly limited to one area within the
observation window. Nonetheless, limitation towards number of report-
ed cases per area unit per time have to be taken into account when
evaluating the findings. Also, the analysis was based on a dataset
obtained within a pseudo-experimental environment due to the fact
that the outbreak occurred in a non-vaccinated geographical area.
Before Germany achieved the rabies-free status, the control activi-

ties were often challenged and some areas put at risk during severe
setbacks in the final phase of rabies elimination. In Rhineland-
Palatinate, fox rabies re-emerged in 2005 after a long period of absence
(Mu� ller et al., 2005, 2012). The rapid westward spread prompted veteri-

nary authorities to react swiftly applying a new unproven vaccination
strategy developed after re-infection of Carinthia, Austria in 2002
(Vogl, 2002). Application of this strategy proved to be successful in ter-
restrial rabies eradication.
The strategy used large-scale, aerial application of baits in short

intervals in order to rapidly raise the vaccination rate. Nevertheless, it
was observed that this objective could not be readily achieved in urban
areas (Selhorst et al., 2012). The reasons were a high urban fox popu-
lation density and the impossibility of large-scale aerial application of
the vaccine-baits in urban and suburban areas due to safety regula-
tions (Harris and Smith, 1987; Hegglin et al., 2004). Consequently, the
rabies retracted to urban areas and could only be controlled after con-
siderable effort including distributing bait by hand.

Conclusions

The analysis presented in this paper represents the first approach to
fox rabies in Germany as a spatio-temporal point process. Thus, instead
of separately analyzing the spatial and the temporal components, we
rigorously modelled the disease evolution in space and time. Different
to CA we treated time and space as continuous within a bounded obser-
vation window. It is noteworthy that the proposed smoothers identified
urban areas as high-risk for the occurrence of fox rabies. This confirms
the existing theories for the control of rabies and draws again the focus
of attention on the development of efficient strategies in urban areas.
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