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Despite improvements in prevention, diagnosis and
treatment, Lyme borreliosis (LB) is still the most com-
mon arthropod-borne disease in temperate regions of
the northern hemisphere, with risk of infection associ-
ated with occupation (e.g. forestry work) and certain
outdoor recreational activities (e.g. mushroom collect-
ing). In Europe, LB is caused by infection with one or
more pathogenic European genospecies of the spiro-
chaete Borrelia burgdorferi sensu lato, mainly trans-
mitted by the tick Ixodes ricinus. Recent surveys show
that the overall prevalence of LB may be stabilising,
but its geographical distribution is increasing. In addi-
tion, much remains to be discovered about the factors
affecting genospecific prevalence, transmission and
virulence, although avoidance of tick bite still appears
to be the most efficient preventive measure. Uniform,
European-wide surveillance programmes (particularly
on a local scale) and standardisation of diagnostic
tests and treatments are still urgently needed, espe-
cially in the light of climate change scenarios and
land-use and socio-economic changes. Improved epi-
demiological knowledge will also aid development of
more accurate risk prediction models for LB. Studies
on the effects of biodiversity loss and ecosystem
changes on LB emergence may identify new para-
digms for the prevention and control of LB and other
tick-borne diseases.

Introduction

Lyme disease (or Lyme borreliosis, LB) is a multisys-
temic inflammatory disorder caused by an immune
response to the pathogenic genomic species of Borrelia
burgdorferi sensu lato (sl), which are transmitted by the
hard ticks of the Ixodes ricinus species complex [1,2].
Despite substantial efforts to improve surveillance and
control of LB in recent decades, it is still the most preva-
lent arthropod-borne disease in the temperate regions
of the northern hemisphere [1], with approximately
65,500 patients annually in Europe (including notified
cases and qualified estimates per country from 1987
to 2006, although the years covered vary) [3]. In the
last few decades, the incidence of LB has been increas-
ing in some countries and areas of Europe, but not in
others. However, the effect of improvements in diag-
nosis and reporting of the disease on such statistics
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is unknown (see [3] for a review). Less controversial is
the fact that the geographical distribution of LB is still
expanding, especially towards higher altitudes and
latitudes ([3] and references therein). Moreover, LB is
likely to become an increasingly relevant health risk in
the near future due to complex interactions between
diverse environmental and socio-economic factors,
which will affect various aspects of disease ecology
and epidemiology, as outlined below.

The importance of LB has led to a surge in research
effort, on all aspects of LB biology, ecology and epi-
demiology. The purpose of this review is to summarise
the most recent findings (especially those of the last
five years) and indicate where there is still controversy
and lack of knowledge.

Transmission, epidemiology
and clinical symptoms

Ecology and disease transmission

The ecology of LB is based on interactions between the
pathogenic agent (B. burgdorferi sl), the vector (Ixodes
ticks) and vertebrate reservoir hosts.

The B. burgdorferi sl complex currently comprises at
least 18 genospecies [2]. In Europe, several of these
are pathogenic to humans: B. afzelii, B. garinii, B. burg-
dorferi sensu stricto (ss), B. bavariensis (previously B.
garinii OspA serotype 4) and B. spielmanii, while the
pathogenicity of others such as B. lusitaniae, B. valai-
siana, and B. bissetii is still uncertain [4]. In ticks, B.
afzelii and B. garinii are the most common European
circulating genospecies, followed by B. burgdorferi ss
and B. valaisiana [5], whereas B. lusitaniae has a more
focal distribution, especially in the Mediterranean
basin [6]. Several genospecies may also be present
simultaneously in a vector [5]. Although all pathogenic
genospecies may cause erythema migrans (a red rash
or patch on the skin), different genospecies are also
associated with other clinical manifestations of the
disease: B. burgdorferi ss is most often associated
with arthritis and neuroborreliosis, B. garinii with neu-
roborreliosis, and B. afzelii with the chronic skin condi-
tion acrodermatitis chronica atrophicans [7].



The distribution and prevalence of various genospecies
is known to vary on a local and regional scale, both
temporally and spatially [5,8] with a higher biodiversity
of genospecies between 4 °W and 20 °E, where there is
a higher prevalence of ticks infected with Borrelia [8].
In addition, there is an uneven geographical distribu-
tion of LB manifestations across Europe: in Norway, for
example, 71% of LB cases have neuroborreliosis, while
in Germany, 85% of cases have erythema migrans [9].
Borrelia genospecies are also associated with par-
ticular reservoir hosts: for example, B. afzelii and B.
bavariensis tend to be associated with rodents, B. val-
aisiana and most B. garinii serotypes with birds [4], B.
lusitaniae with lizards and B. spielmanii with dormice
[10]. On the basis of the sequence of housekeeping
genes, it has been shown that the genetic structuring
of Borrelia genospecies is dependent on the migration
pattern of host populations [11], so that genospecies
that are associated with birds are dispersed further
than those associated with mammals. Borrelia can also
be classified according to outer surface protein (Osp)
sequences (there are 21 OspC major groups) and recent
research suggests that these genotypes are ecologi-
cally and epidemiologically diverse [12,13]. However,
despite its relevance to development of preventive
measures and treatment, knowledge of the distribution
and symptoms associated with each genospecies and
genotype is still far from complete, and the genetics of
Borrelia transmission and virulence are starting to be
unravelled [10,14].

The bridge vectors (vectors that feed on more than one
host species) that transmit B. burgdorferi to humans
in Europe are primarily the tick /. ricinus and, less fre-
quently, I. persulcatus. Ticks have three life stages:
larva, nymph and adult, each lasting one to two years.
Hard ticks seek hosts by ‘questing’ or climbing up
grass stems or onto the edge of leaves, and extend-
ing their forelegs in response to thermal and chemical
cues. They then drop or crawl onto hosts that pass or
brush their forelegs. Larvae, nymphs and female adult
ticks take one blood meal, lasting several days, from
a vertebrate host (while adult males mate with feeding
adult females). Between meals, the larvae and nymphs
remain in leaf litter until moulting is complete, while
adult females lay a batch of eggs in the litter then die).
Borrelia may be acquired by a tick from feeding on an
infected host or when feeding very close to an infected
tick on the same, even uninfected, host (transmission
by co-feeding) or from the site where an infected tick
has recently finished its blood meal, (transmission
by localised extended co-feeding) [10]. Once infected,
competent tick species retain the pathogen even
between moults, effectively transmitting the pathogen
to the next feeding stage and/or to a host.

The most recent meta-analysis of surveillance data
indicates that the overall mean prevalence of Borrelia
infection in ticks in Europe is 13.7% (range: 0-49.1)
although the prevalence is higher in adults (18.6%)
than in nymphs (10.1%); Central Europe (Austria, Czech

Republic, Germany, Switzerland, Slovenia and Slovakia)
has by far the highest rates (in nymphs, »11%; in adults,
»20%) [5]. In fact, peak prevalence has recently been
confirmed between 5 °E and 25 °E longitude [8].

The capacity of ticks to transmit Borrelia to various hosts
isinfluenced by a series of factors, including those intrin-
sic to ticks (e.g. questing behaviour, diapause duration,
host preference, mating strategy [15] and tick density
[16]), as well as extrinsic biotic and abiotic factors (e.g.
climatic conditions, vegetation type and management,
and host behaviour, abundance, susceptibility, tick
burden and reservoir competence [17-20]). It has been
shown that ticks infected with Borrelia may actually
have an increased host-finding capability [21]. The tick—
host interaction is particularly important for Borrelia
infection dynamics, since the feeding tick secretes sali-
vary vasoactive mediators and immunomodulators that
facilitate the transmission of the pathogen from the tick
to the host and vice versa [22]. Transmission efficiency
can also vary in relation to Borrelia genospecies and
duration of host infectivity [23,24].

Tick nymphs are mainly responsible for transmit-
ting Borrelia to humans and quest most actively from
spring to autumn in microenvironments with more than
85% relative humidity, such as in deciduous or mixed
woodland with high ecotonal indices [17,25], as well as
in suburban and urban environments [26] and road-
sides [27]. For humans, exposure risk in a known tick-
infested site can be as high as one infected tick per
person per hour of exposure, or 0.25 infected ticks per
100 metres walking distance [21]. Transmission does
not usually occur within the first 24 hours of the blood
meal [28], so immediate removal of ticks is a highly
recommended preventive measure (see below).

In Europe, confirmed competent reservoir hosts (i.e.
tick hosts that can be infected with Borrelia and trans-
mit this agent to uninfected ticks) include many com-
mon species of small and medium-sized rodent (mice,
rats, squirrels, hares and rabbits), as well as several
bird species (especially passerines), reptiles and
insectivores [10,29]. Conversely, many large wild and
domesticated vertebrates (e.g. deer and sheep) are
considered non-competent reservoirs (i.e. ticks feed-
ing on them do not acquire Borrelia; however, ticks
may transmit Borrelia to each other when feeding very
close together on these non-competent hosts). Host
specificity is the result of the resistance or sensitiv-
ity of Borrelia genospecies to the serum complement
of various host species, which leads to the survival or
death of the pathogen, respectively [30]. Importantly,
non-competent reservoir hosts, such as deer, may also
serve as crucial maintenance hosts for feeding ticks
of all stages [10]. The presence and density of these
hosts is associated with the density of ticks, but their
effect on tick-borne infection dynamics is complex
[31]. The presence of non-competent reservoir hosts
can decrease the transmission potential of Borrelia,
reducing the prevalence in the vector and subsequent
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disease risk to humans (a dilution effect [32,33]).
Ogden and Tsao [34] have shown that any host that
feeds enough ticks to reduce the overall infection
prevalence in nymphs, by diverting them away from
competent host species, would be likely to increase
the tick population density by improving the chances
of successful tick feeding. However, the overall effects
of changes in biodiversity on LB emergence have yet to
be thoroughly investigated [35].

Epidemiology

Although LB is not a particularly new emerging dis-
ease, an accurate description of LB epidemiology in
Europe is still not possible because few countries have
made this disease mandatorily notifiable [3,9,36].
Unfortunately, there appears to be no plan to continu-
ously monitor LB at the European level [37]; instead
this is recommended only ‘Where the epidemiological
situation in a Member State so warrants ...’, although
such situations are not defined [38]. Therefore, surveil-
lance statistics in Europe are based on non-standard-
ised case criteria and uncoordinated systems of data
collection [39,40]. Moreover, these data are inaccurate
because patients with erythema migrans and other
clinically diagnosed cases may be under-reported,
the geographical distribution of referrals for testing
is unknown, the criteria for serological diagnoses are
not standardised, seropositivity due to past infection
may be included, and data from remote regions may be
lacking [41,42]. In addition, patients may be infected
by one or two (rarely three) pathogenic B. burgdorferi
genospecies and heterogeneity in symptoms caused
by these various agents complicates surveillance [43].

A summary of the currently available epidemiologi-
cal data is available in [3]. Epidemiological studies
indicate the mean annual number of LB notified cases
(including qualified estimates) in Europe is more than
65,400 (incidence rates per country range from less
than one per 100,000 population to about 350 per
100,000 population). In Europe, LB occurs between
35 °N and 60 °N, and generally below 1,300 metres
above sea level. However, there is strong heterogene-
ity in spatial distribution: the level of antibodies to B.
burgdorferi sl is highest in residents of northern and
central countries and lowest in those in the southern
countries. In addition, at a local level, there is a focal
pattern of distribution related to suitable tick habitat,
including some hotspots where more than 100 cases
per 100,000 population per year are recorded (e.g.
parts of Slovenia, Germany and Austria, the Baltic
coastline of southern Sweden, and some Estonian and
Finnish islands).

LB risk is specifically linked to tick abundance and
exposure. Therefore, although higher risk is no longer
considered to be correlated with residency in rural
areas, higher LB risk is associated with occupation
(e.g. forestry work and farming) and especially with
certain leisure activities (e.g. hunting, mushroom col-
lecting and berry picking) and age (with two groups
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mainly affected: children aged 5-14 years and adults
aged 50-64 years).

Since infection is correlated with tick abundance and
exposure (and, therefore, tick activity), diagnosis of
acute LB peaks in June and July in many northern and
central countries of Europe, while a second smaller peak
may occur in southern countries in late summer or early
autumn; however, both erythema migrans and chronic
forms of the disease can be diagnosed throughout the
year [3]. Although the number of LB cases seems to be
increasing in some areas, such trends are extremely
heterogeneous and/or remain to be confirmed [3].

Clinical symptoms

The clinical presentation of LB ranges from acute to
chronic illness, with wide variation attributed to the
different Borrelia genospecies and/or genotypes impli-
cated in the infection (as described above and in [44]),
although the exact mechanisms maintaining chronic
symptoms have yet to be confirmed. Diagnosis is prima-
rily clinical and takes into account the risk of tick bite.
Clinical case definitions for use in Europe — although not
official European Union case definitions — are available

in [45].

Briefly, several days or weeks after a tick bite, if
Borrelia infection occurs, in 60-80% of cases this will
be characterised by erythema migrans (the rash or
patch on the skin about 10 cm across that may expand
peripherally as a palpable band, and may or may not
be itchy) [46], although early infection may be com-
pletely asymptomatic. Other early symptoms include
influenza-like symptoms, fever, fatigue, headaches
and muscle or joint pain. Several weeks or months
after infection through a tick bite (with or without a
previous history of erythema migrans), neuroborrelio-
sis (noted in 10-20% of symptomatic patients) in the
form of meningoradiculitis, meningitis or meningoen-
cephalitis [47], Lyme arthritis or Borrelia lymphocytoma
may occur [45]. Less frequently, multiple erythemata,
or carditis are diagnosed [45,48]. Months or even
years after Borrelia infection, acrodermatitis chronica
atrophicans, lymphocytoma, chronic arthritis (fairly
rare in Europe), encephalomyelitis or chronic neurobor-
reliosis (very rare in Europe) may be observed [45].

Microbial or serological confirmation of Borrelia infec-
tion is needed for all manifestations of the disease
except for typical early skin lesions [49]. The diagnosis
of some chronic forms of LB is currently controversial
[50], and it has also been suggested that the overdiag-
nosis and overtreatment of LB may be an important
problem [51].

Diagnostic methods

Direct detection of B. burgdorferi sl

Although the diagnosis of LB is primarily based on the
most obvious clinical sign, erythema migrans, diag-
nosis of other forms of LB require confirmation by



means of a diagnostic test [52]. A wide range of meth-
ods have been developed for the direct detection of B.
burgdorferi sl in clinical tissue specimens, including
microscopic examination, detection of B. burgdorferi-
specific proteins or nucleic acids, and cultivation.
Although culture is the most commonly used method
of direct detection, success rate depends on sample
type. While mean recovery rates of Borrelia from skin
biopsies of patients with erythema migrans and acro-
dermatitis chronica atrophicans are up to 70% [43],
those for cerebrospinal fluid (CSF) are much lower.
Future diagnostic methods may include PCR-based
molecular techniques that can rapidly confirm clinical
diagnosis of LB, and identify Borrelia genospecies in
tissue specimens or cultured isolates [53]. However,
even molecular methods have not yet been standard-
ised since protocols and gene targets vary between
laboratories and more clinical validations are needed
[53]. Importantly, a negative PCR result does not neces-
sarily indicate the absence of Borrelia [54]; therefore,
the use of a PCR-based assay to confirm diagnosis of
LB in the absence of serological evidence of Borrelia
infection is not currently recommended.

Indirect diagnosis of B. burgdorferi sl

The complexity of the antigenic composition of B. burg-
dorferi sl and the temporal appearance of antibodies
to different antigens at successive time intervals after
Borrelia infection means the development of a sero-
logical test with high sensitivity and specificity is a
challenge. The most commonly used serological meth-
ods for the detection of antibodies to B. burgdorferi
sl include indirect immunofluorescent antibody assay
(IFA) and an enzyme-linked immunosorbent assay
(ELISA) [54]. Nevertheless, specific antibodies are
often not detectable in the early stage of infection with
the use of currently available test methods.

In more than 50% of cases, diagnosis of LB can be
made on the basis of an expanding erythema (con-
firmed after a one-week follow-up). In the absence of
erythema migrans at least one other clinical manifes-
tation must be noted and confirmed using serologi-
cal diagnosis of Borrelia in blood or CSF. According
to the most recent German Society for Hygiene and
Microbiology (Deutsche Gesellschaft fiir Hygiene und
Mikrobiologie, DGHM) guidelines [43], serological
diagnosis for patients in Europe should follow a two-
step procedure: (i) ELISA and if reactive, followed by (ii)
an immunoblot, if possible using recombinant antigens
(p100, p58, p4ii, VISE, OspC, DbpA), including those
expressed primarily in vivo (VISE and DbpA), instead
of whole-cell lysate antigen blots. OspC and VIsE are
the most sensitive antigens for IgM antibody detec-
tion [54]. European standardisation of these diagnostic
tests and new markers for detecting active infections
are urgently required [55].

Treatment
Surprisingly, our review found that there is no
European consensus on treatment and that economic

considerations and national guidelines on avoidance
of drug resistance also impact the current treatment of
choice (no comparative costs are available). Treatment
of the vast majority of LB cases is based on antibiot-
ics, with drug type, dose, route (oral or intravenous)
and duration varying with stage of the disease, as well
as with symptoms. Treatment regimes and recommen-
dations are summarised from the regularly updated
European Union Concerted Action on Lyme Borreliosis
(EUCALB) website [1] and [49], where doses can also be
found. See also [49,51,56] for recent reviews on evalu-
ation of treatments.

In general, in almost all LB cases, the disease is
resolved with short courses of antibiotics [51,57],
although longer courses are recommended for relapses
or more serious and/or chronic forms. Some authors
advocate that all symptomatic LB cases should be
treated in order to avoid progression to later stages
of the disease, and suggest that the earlier treatment
begins, the less likely it is that more severe forms will
follow [58]. However, overtreatment is considered a
problem by others [51], although thus far, drug resist-
ance has been noted only in vitro [59]. On the other
hand, few data are available on the risk of long-term
effects of non-treatment in asymptomatic LB patients
[60]. Several studies have now shown that a few so-
called chronic or ‘post-LB’ forms of the disease do not
respond to antibiotics, although the reason for this is
subject to some debate [50,51,61].

The main risks involved in treatment appear to be inap-
propriate patient management following inaccurate
diagnosis. As mentioned above, both over- and under-
diagnosis of LB is suspected.

Prevention

It has been suggested that individual or community
measures to reduce the probability of tick bites and LB
infection could be extremely effective preventive meth-
ods [62-64]. For example, in order to decrease the risk
of tick bites and Borrelia transmission, people living
in or visiting tick-infested areas are advised to avoid
tick habitats, to wear long, light-coloured trousers
(tucking them into socks) and to use insect repellent
that contains permethrin (on clothes) or N,N-Diethyl-
meta-toluamide (DEET) (on clothes or directly on skin).
After visiting or working in such areas, a shower is rec-
ommended and a thorough check for ticks should be
done, including careful inspection of the neck, arm-
pits and groin. Tick bites can also be avoided by care-
fully inspecting and removing ticks from pets [65]. Any
attached ticks should be removed immediately with
tweezers if available, by seizing and pulling steadily on
the mouthparts, without twisting [66] and the attach-
ment site disinfected. Since ticks do not have a high
probability of transmitting Borrelia until 12-24 hours
after beginning to feed, immediate removal of ticks
is one of the most effective ways of avoiding Borrelia
infection. The site should be monitored for 30 days
after the bite for signs of erythema migrans (there are
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many websites that clearly illustrate these procedures,
e.g. [67]).

There is currently no vaccine available on the European
market. Thus far, the development of a vaccine for
humans against B. burgdorferi sl infection has concen-
trated on the highly immunogenic outer surface pro-
teins of this pathogen. Although an OspA-based vaccine
was developed and licensed in 1998, it was withdrawn
from the market in 2002 for economic reasons, as well
as doubts as to its long-term efficacy (it was also not
recommended for children under the age of 15 years
or for people with arthritis). The future of vaccines of
this type is uncertain; vaccine research continues, with
the aim of generating protection against all pathogenic
genospecies of B. burgdorferi sl [68]. New approaches
include transmission-blocking vaccines, which act on
proteins produced by ticks that appear to improve the
transmission of the Borrelia spirochaetes from vec-
tor to host [69]. Factors critical to an effective and
accepted vaccine will probably include the following:
a detailed knowledge of the host—parasite cycle on a
local, regional and European scale and of the distribu-
tion and prevalence of Borrelia genospecies; a better
understanding of the symptoms associated with infec-
tion with each genospecies; and standardised serolog-
ical confirmation of all suspected LB cases, including
genospecies identification. Further studies on the role
of surface lipoproteins of B. burgdorferi sl are also
urgently needed [70]. In addition, enhancement of the
epidemiological surveillance of LB, both of the disease
itself and the abiotic and biotic factors that affect it,
would improve risk assessment and aid prevention
immeasureably [71].

Current geographical distribution of LB

LB occurs across Europe, with a distribution closely
matching that of the vector /. ricinus. This tick spe-
cies can be infected with Borrelia throughout its wide
latitudinal range, from northern Turkey and the Atlas
Mountains of Tunisia to northern Sweden [8,72,73].
Infected tick density also decreases with increasing
altitude, although the ticks are now found at up to
1,300 metres [74,75]. Consequently, the incidence of LB
decreases from the endemic areas of central Europe to
the southern and northern limits [3,8]. However, stud-
ies on a local scale often reveal a higher incidence than
previously recorded at a regional scale [16], so that
monitoring LB locally may be important for treating and
preventing the disease.

Factors triggering changes in LB incidence

The changes in capacity of /. ricinus to transmit B.
burgdorferi sl in Europe could be due to changes in
elements of the transmission process [40,76], such
as: transmission coefficient (due to genetic changes
in pathogen, vector and/or host [10]); survival rates of
ticks (as a result of favourable abiotic changes [72]);
increased tick abundance (resulting from increased
availability of reservoir hosts and/or habitat [77]);
increased exposure of humans to tick bites (due to an
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increase in outdoor activities [76]). Theoretical stud-
ies indicate that complex interactions between these
factors will probably yield wide spatio-temporal fluc-
tuations in the relative abundance of different Borrelia
genospecies and LB incidence [23].

Global climate change inducing higher minimum tem-
peratures (night-time and winter) and earlier springs
are likely to affect many aspects of tick phenology [78],
such as their local distribution, density and survival
rates. For example, as a result of climate change, ticks
have already spread into higher latitudes and altitudes
in many European countries [72,75,78], while tick abun-
dance is mainly affected by host abundance and habitat
structure [25,79]. Regional studies with reliable long-
term surveillance data show that an increase in tick
abundance has also resulted in an increased incidence
of LB, and that this increase is correlated with climatic
factors [77]. However, climate change may not contrib-
ute to an overall increase in LB, since there may be an
extended and more intense LB transmission season
in some areas, while the risk of LB could decrease, at
least temporarily, in locations with repeated droughts
or severe floods, as shown in [80].

Instead, climate-related changes in land use and
socio-economic influences on human behaviour are
more likely to have a strong impact on the distribu-
tion and abundance of ticks and Borrelia infection risk
(as noted for tick-borne encephalitis; [81]), especially
in highly disturbed ecosystems, such as managed for-
ests, peri-agricultural and urban and peri-urban sites
[79]. A concomitant increase in the density of wild
and domestic vertebrates, paralleled with expansion
of suitable habitats for competent reservoir hosts, is
expected to increase tick density, B. burgdorferi cir-
culation and hence LB incidence [22,35,40,78,82]. The
specific and combined contributions of all environmen-
tal and socio-economic factors to the observed pattern
and predicted future impact of several tick-borne dis-
eases in Europe were assessed within the Framework
6 Integrated Project Emerging Diseases in a changing
European eNvironment (EDEN) [83].

Assessing the risk of infection

The complex multi-strain multi-host interactions
associated with B. burgdorferi sl infection make it
difficult to determine the risk of infection to humans
[29,84,85]. While risk assessment may be based on
well-planned surveillance of tick and Borrelia geno-
species distribution and abundance [86,87] and/or
serological surveillance of Borrelia infection in humans
[88-90], it has been also been suggested that high-
risk biotopes should be identified [91]. Spatial models
have been developed to identify high-risk areas based
on environmental and climatic features [92]. A model
based on the long-term trends of habitat suitability for
I. ricinus in Europe shows that the distribution of such
habitats has remained relatively stable, although parts
of Europe show increasing (Ireland, and parts of the
United Kingdom, France, Spain, Portugal and lItaly) or



a decreasing (Balkans, countries in the central parts of
Europe and southern Scandinavia) suitability [80]. On
a smaller spatio-temporal scale, the risk of exposure
to Borrelia-infected ticks in the Italian Alps was pre-
dicted with a model based on bootstrap aggregation of
tree-based classifiers within a geographic information
system (GIS) [93]. The resulting map of the probability
of encountering a questing /. ricinus nymph infected
with B. burgdorferi sl has provided an important risk
assessment tool for local human health authorities and
policymakers.

Although the above methods can be used for risk and
human exposure assessments, they cannot be used
for addressing these as dynamic processes during a
growing or declining epidemic. A detailed Ro (basic
reproduction number) map would be an easy-to-inter-
pret overview of LB risk following the introduction of
B. burgdorferi sl into an area and could be suitable for
following an LB epidemic (Ro being a measure of the
risk of establishment of a disease in a certain area or
population, defined as the expected number of new
infections induced by a typical infectious individual
during the full infectious period in a susceptible popu-
lation [94]). For tick-borne pathogens, Ro can now be
estimated using a next-generation matrix method [95],
based on accurate biological conditions. However,
Rosa and Pugliese [96] found that the effect of host
densities on the Ro of tick-borne infections depends
strongly on the regulation of tick populations. Since
there is currently very little information on which fac-
tors affect natural tick populations, more complete,
long-term field data are still needed before accurate Ro
maps can be produced.

Conclusion

In Europe, the annual number LB cases is increasing
in some areas, and tick vectors are expanding their
range, to higher altitudes and latitudes, suggesting
that LB will remain an important health concern in the
coming decades, especially in light of economic, land
use and climate change predictions. In addition, the
effect of the resulting biodiversity loss and ecosys-
tem changes on LB emergence should be an impor-
tant focus of investigation, especially to identify new
paradigms for the prevention and control of LB and
other tick-borne diseases. It emerges from our review
that standardised diagnoses are crucial to treat-
ing and combatting LB in Europe, as are European-
wide reporting systems and datasets concerning all
aspects of the molecular ecology and epidemiology
of LB [10]. Preventive measures aimed at minimising
tick-bite risk are promoted as one of the best ways
to avoid Borrelia infection. Many authors agree that
a concerted effort to improve surveillance is essen-
tial for monitoring this disease [9,36,49,55] and we
consider that more complete eco-epidemiological
knowledge is also needed to develop accurate risk
prediction models.

Acknowledgments

We thank the Autonomous Province of Trento for funding re-
search on wildlife disease at the Fondazione Edmund Mach.
The preparation of the manuscript was also funded by the
European Centre for Disease Control (ECDC public tender
0J/2007/04/13 — PROC/2007/003: Assessment of magnitude
and importance of vector-borne diseases in Europe. Contract
number ECDC.63).

References

1. European Concerted Action on Lyme Borreliosis (EUCALB).
Welcome to EUCALB.com! An information resource of the
ESCMID study group, ESGBOR. [Accessed 29 Jun 2011].
Available from: http://meduniog.edis.at/eucalb/cms/index.
php?lang=en

2. Stanek G, Reiter M. The expanding Lyme Borrelia complex—
clinical significance of genomic species? Clin Microbiol Infect.
2011;17(4):487-93.

3. Hubalek Z. Epidemiology of Lyme borreliosis. Curr Probl
Dermatol. 2009;37:31-50.

4. Margos G, Vollmer SA, Cornet M, Garnier M, Fingerle V, Wilske
B, et al. A new Borrelia species defined by multilocus sequence
analysis of housekeeping genes. Appl Environ Microbiol.
2009;75(16):5410-6.

5. Rauter C, Hartung T. Prevalence of Borrelia burgdorferi
sensu lato genospecies in Ixodes ricinus ticks in Europe: a
metaanalysis. Appl Environ Microbiol. 2005;71(11):7203-16.

6. Vitorino LR, Margos G, Feil EJ, Collares-Pereira M, Zé-Zé L,
Kurtenbach K. Fine-scale phylogeographic structure of Borrelia
lusitaniae revealed by multilocus sequence typing. PLoS One.
2008;3(12):€4002.

7. European Centre for Disease Prevention and Control (ECDC).
Factsheet for health professionals (Lyme disease). Updated
16 June 2010. Available from: http://www.ecdc.europa.eu/en/
healthtopics/tick_borne_diseases/lyme_disease/basic_facts/
Pages/factsheet_health_professionals.aspx

8. Estrada-Pefia A, Ortega C, Sanchez N, DeSimone L, Sudre
B, Suk JE, et al. Correlation of Borrelia burgdorferi sensu
lato prevalence in questing Ixodes ricinus ticks with specific
abiotic traits in the western Palearctic. Appl Env Microbiol.
2011;77(11): 3838-45.

9. Vorou RM, Papavassiliou VG, Tsiodras S. Emerging zoonoses
and vector-borne infections affecting humans in Europe.
Epidemiol Infect. 2007;135(8):1231-47.

10. Tsao JI. Reviewing molecular adaptations of Lyme borreliosis
spirochetes in the context of reproductive fitness in natural
transmission cycles. Vet Res. 2009;40(2):36.

11. Vollmer SA, Bormane A, Dinnis RE, Seelig F, Dobson
AD, Aanensen DM, et al. Host migration impacts on the
phylogeography of Lyme Borreliosis spirochaete species in
Europe. Environ Microbiol. 2011;13(1):184-92.

12. Dykhuizen DE, Brisson D, Sandigursky S, Wormser GP,
Nowakowski J, Nadelman RB, et al. The propensity of different
Borrelia burgdorferi sensu stricto genotypes to cause
disseminated infections in humans. Am ] Trop Med Hysg.
2008;78(5):806-10.

13. Qiu W, Bruno JF, McCaig WD, Xu Y, Livey I, Schriefer ME, et
al. Wide distribution of a high-virulence Borrelia burgdorferi
clone in Europe and North America. Emerging Infect Dis.
2008;14(7):1097-104.

14. Samuels DS, Radolf JD. Who is the BosR around here anyway?
Mol Microbiol. 2009;74(6):1295-9.

15. Kempf F, De Meeds T, Arnathau C, Degeilh B, McCoy KD.
Assortative pairing in Ixodes ricinus (Acari: Ixodidae),
the European vector of Lyme borreliosis. ] Med Entomol.
2009;46(3):471-4.

16. Beytout ], George JC, Malaval J, Garnier M, Beytout M,
Baranton G, et al. Lyme borreliosis incidence in two French
departments: correlation with infection of Ixodes ricinus ticks
by Borrelia burgdorferi sensu lato. Vector Borne Zoonotic Dis.
2007;7(4):507-17.

17. Estrada-Pefia A, Venzal JM, Sanchez Acedo C. The tick Ixodes
ricinus: distribution and climate preferences in the western
Palaearctic. Med Vet Entomol. 2006;20(2):189-97.

18. Brunner JL, LoGiudice K, Ostfeld RS. Estimating reservoir
competence of Borrelia burgdorferi hosts: prevalence and
infectivity, sensitivity, and specificity. ] Med Entomol.
2008;45(1):139-47.

www.eurosurveillance.org



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

Brunner JL, Ostfeld RS. Multiple causes of variable tick burdens
on small-mammal hosts. Ecology. 2008;89(8):2259-72.

Estrada- Pefa A. Tick-borne pathogens, transmission rates and
climate change. Front Biosci. 2009;14:2674-87.

Faulde MK, Robbins RG. Tick infestation risk and Borrelia
burgdorferi s.l. infection-induced increase in host-finding
efficacy of female Ixodes ricinus under natural conditions. Expl
Appl Acarol. 2008;44(2):137-45.

Randolph SE. Tick-borne disease systems emerge from the
shadows: the beauty lies in molecular detail, the message in
epidemiology. Parasitology. 2009;136(12):1403-13.

Kurtenbach K, Hanincova K, Tsao JI, Margos G, Fish D, Ogden
NH. Fundamental processes in the evolutionary ecology of
Lyme borreliosis. Nat Rev Microbiol. 2006;4(9):660-9.

Hanincova K, Ogden NH, Diuk-Wasser M, Pappas CJ, lyer R, Fish
D, et al. Fitness variation of Borrelia burgdorferi sensu stricto
strains in mice. Appl Environ Microbiol. 2008;74(1):153-7.

Jaenson TG, Eisen L, Comstedt P, Mejlon HA, Lindgren E,
Bergstrom S, et al. Risk indicators for the tick Ixodes ricinus
and Borrelia burgdorferi sensu lato in Sweden. Med Vet
Entomol. 2009;23(3):226-37.

Pejchalova K, Zakovska A, Mejzlikova M, Halouzka J, Dendis M.
Isolation, cultivation and identification of Borrelia burgdorferi
genospecies from Ixodes ricinus ticks from the city of Brno,
Czech Republic. Ann Agric Environ Med. 2007;14(1):75-9.

Haemig PD, Waldenstrom J, Olsen B. Roadside ecology and
epidemiology of tick-borne diseases. Scand ] Infect Dis.
2008;40(11-12):853-8.

Meiners T, Hammer B, Gébel UB, Kahl O. Determining the tick
scutal index allows assessment of tick feeding duration and
estimation of infection risk with Borrelia burgdorferi sensu
lato in a person bitten by an Ixodes ricinus nymph. Int ] Med
Microbiol. 2006;296 Suppl 40:103-7.

Brisson D, Dykhuizen DE, Ostfeld RS. Conspicuous impacts of
inconspicuous hosts on the Lyme disease epidemic. Proc Biol
Sci. 2008;275(1631):227-35.

Kurtenbach K, De Michelis S, Etti S, Schafer SM, Sewell HS,
Brade V, et al. Host association of Borrelia burgdorferi sensu
lato--the key role of host complement. Trends Microbiol.
2002;10(2):74-9.

Perkins SE, Cattadori IM, Tagliapietra V, Rizzoli AP, Hudson PJ.
Localized deer absence leads to tick amplification. Ecology.
2006;87(8):1981-6.

Ostfeld RS. Biodiversity loss and the rise of zoonotic
pathogens. Clin Microbiol Infect. 2009;15 Suppl 1:40-3.

Keesing F, Brunner J, Duerr S, Killilea M, Logiudice K, Schmidt
K, et al. Hosts as ecological traps for the vector of Lyme
disease. Proc Biol Sci. 2009;276(1675):3911-9.

Ogden NH, Tsao JI. Biodiversity and Lyme disease: dilution or
amplification? Epidemics. 2009;1(3):196-206.

Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD,

Holt RD, et al. Impacts of biodiversity on the emergence

and transmission of infectious diseases. Nature.
2010;468(7324):647-52.

Semenza JC, Menne B. Climate change and infectious diseases
in Europe. Lancet Infect Dis. 2009;9(6):365-75.

European Commission. Commission Decision of 2 April

2009 amending Decision 2000/96/EC as regards dedicated
surveillance for communicable diseases (notified under
document number C(2009) 2351) (2009/312/EC).. Official
Journal of the European Union. Luxembourg: Publications
Office of the European Union. 3.4.2009:L 91/27. Available
from: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=
0J:L:2009:091:0027:0030:EN:PDF

European Parliament and European Council. Directive 2003/99/
EC of the European Parliament and of the Council of 17
November 2003 on the monitoring of zoonoses and zoonotic
agents, amending Council Decision 9o/424/EEC and repealing
Council Directive 92/117/EEC. Official Journal of the European
Union. Luxembourg: Publications Office of the European Union.
12.12.2003:L 325/31. Available from: http://www.rivm.nl/
crlsalmonella/Images/Directive%202003_99.English_tcm85-
29716.pdf

Smith R, Takikinen ], Editorial team. Lyme borreliosis: Europe-
wide coordinated surveillance and action needed? Euro
Surveill. 2006;11(25):pii=2977. Available from: http://www.
eurosurveillance.org/ViewArticle.aspx?Articleld=2977

Lindgren E, Jaenson TGT. Lyme borreliosis in Europe: influences
of climate and climate change, epidemiology, ecology and
adaptation measures. Copenhagen: World Health Organization
Regional Office for Europe; 2006.

www.eurosurveillance.org

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

Ogrinc K, RuZi¢-Sablji¢ E, Strle F. Clinical assessment of
patients with suspected Lyme borreliosis. Int ] Med Microbiol.
2008;298(Suppl. 1):356-60.

Shetekauri SA, Mar’ina NM, Solokhina DV. [Epidemiological
characterization of Ixodes tick-borne borreliosis in the
Krasnoyarsk territory]. Zh Mikrobiol Epidemiol Immunobiol.
2005;(1):78-80. Russian.

Wilske B, Fingerle V, Schulte-Spechtel U. Microbiological and
serological diagnosis of Lyme borreliosis. FEMS Immunol Med
Microbiol. 2007;49(1):13-21.

Wormser GP, Brisson D, Liveris D, Hanincova K, Sandigursky S,
Nowakowski J, et al. Borrelia burgdorferi genotype predicts the
capacity for hematogenous dissemination during early Lyme
disease. ] Infect Dis. 2008;198(9):1358-64.

Stanek G, Fingerle V, Hunfeld K, Jaulhac B, Kaiser R, Krause
A, et al. Lyme borreliosis: clinical case definitions for
diagnosis and management in Europe. Clin Microbiol Infect.
2011;17(1):69-79.

Cerar D, Cerar T, Ruzi¢-Sablji¢ E, Wormser GP, Strle F.
Subjective symptoms after treatment of early Lyme disease.
Am ] Med. 2010;123(1):79-86.

Halperin JJ. Nervous system Lyme disease. Infect Dis Clin N Am.
2008;22(2):261-74.

Fish AE, Pride YB, Pinto DS. Lyme carditis. Infect Dis Clin North
Am. 2008;22(2):275-88.

Stanek G, Strle F. Lyme borreliosis: a European perspective

on diagnosis and clinical management. Curr Opin Infect Dis.
2009;22(5):450-4.

Marques A. Chronic Lyme disease: a review. Infect Dis Clin
North Am. 2008;22(2):341-60.

Nau R, Christen HJ, Eiffert H. Lyme disease--current state of
knowledge. Dtsch Arztebl Int. 2009;106(5):72-81.

Wormser GP, Dattwyler R, Shapiro ED, Halperin JJ, Steere

AC, Klempner MS, et al. The clinical assessment, treatment,
and prevention of Lyme disease, human granulocytic
anaplasmosis, and babesiosis: clinical practice guidelines by
the Infectious Diseases Society of America. Clin Infect Dis.
2006;43(9):1089-134.

Cerar T, Ogrinc K, Cimperman J, Lotric-Furlan S, Strle F,
Ruzi¢-Sablji¢ E. Validation of cultivation and PCR methods

for diagnosis of Lyme neuroborreliosis. ] Clin Microbiol.
2008;46(10):3375-9.

Aguero-Rosenfeld ME, Wang G, Schwartz |, Wormser

GP. Diagnosis of Lyme borreliosis. Clin Microbiol Rev.
2005;18(3):484-509.

Poggensee G, Fingerle V, Hunfeld K, Kraiczy P, Krause A,
Matuschka FR, et al. [Lyme borreliosis: research gaps and
research approaches. Results from an interdisciplinary expert
meeting at the Robert Koch Institute]. Bundesgesundheitsblatt
Gesundheitsforschung Gesundheitsschutz. 2008;51(11):1329-
39. German.

Mygland A, Ljgstad U, Fingerle V, Rupprecht T, Schmutzhard E,
Steiner I. EFNS guidelines on the diagnosis and management of
European Lyme neuroborreliosis. Eur ) Neurol. 2010;17(1):8-16.

Wormser GP, O’Connell S. Treatment of infection caused by
Borrelia burgdorferi sensu lato. Expert Rev Anti Infect Ther.
2011;9(2): 245-60.

Kowalski TJ, Tata S, Berth W, Mathiason MA, Agger WA.
Antibiotic treatment duration and long-term outcomes of
patients with early lyme disease from a Lyme disease-
hyperendemic area. Clin Infect Dis. 2010;50(4):512-20.

Jackson CR, Boylan JA, Frye |G, Gherardini FC. Evidence of a
conjugal erythromycin resistance element in the Lyme disease
spirochete Borrelia burgdorferi. Int ] Antimicrob Agents.
2007;30(6):496-504.

Wormser GP. Hematogenous dissemination in early Lyme
disease. Wien Klin Wochenschr. 2006;118(21-22):634-7.

Baker PJ. Chronic Lyme disease: in defense of the scientific
enterprise. FASEB J. 2010;24(11):4175-7.

Vazquez M, Muehlenbein C, Cartter M, Hayes EB, Ertel S,
Shapiro ED. Effectiveness of personal protective measures to
prevent Lyme disease. Emerg Infect Dis. 2008;14(2):210-6.

Gould LH, Nelson RS, Griffith KS, Hayes EB, Piesman J, Mead
PS, et al. Knowledge, attitudes, and behaviors regarding Lyme
disease prevention among Connecticut residents, 1999-2004.
Vector Borne Zoonotic Dis. 2008;8(6):769-76.

Clark RP, Hu LT. Prevention of Lyme disease and other tick-
borne infections. Infect Dis Clin North Am. 2008;22(3):381-96.

Fritz CL. Emerging tick-borne diseases. Vet Clin North Am Small
Anim Pract. 2009;39(2):265-78.



66.

67.

68.

69.
70.
71.

72.

73

74.

75

76.

77-

78.

79

8o.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Pitches DW. Removal of ticks: a review of the literature. Euro
Surveill. 2006;11(33):pii=3027. Available from: http://www.
eurosurveillance.org/ViewArticle.aspx?Articleld=3027

American Lyme Disease Foundation (ALDF). How to remove a
tick. Lyme eICT): ALDF. [Accessed 29 Jun 2011]. Available from:
http://www.aldf.com/lyme.shtml

Barrett ADT, Stanberry LR. Vaccines for biodefense and
emerging and neglected Diseases. 1st ed. London: Academic
Press; 2009.

de Silva AM, Tyson KR, Pal U. Molecular characterization of the
tick- Borrelia interface. Front Biosci. 2009;14:3051-63.

Aberer E. Lyme borreliosis--an update. ] Dtsch Dermatol Ges.
2007;5(5):406-14.

Gage KL, Burkot TR, Eisen RJ, Hayes EB. Climate and
vectorborne diseases. Am ) Prev Med. 2008;35(5):436-50.

Gray JS, Dautel H, Estrada-Pefia A, Kahl O, Lindgren E. Effects
of climate change on ticks and tick-borne diseases in Europe.
Interdiscip Perspect Infect Dis. 2009;2009:593232.

Goodman JL, Dennis DT, Sonenshine DE. Tick-borne diseases of
humans. Washington, DC: ASM Press; 2005.

Daniel M, Materna J, Honig V, Metelka L, Danielova V, Harcarik
J, et al. Vertical distribution of the tick Ixodes ricinus and
tick-borne pathogens in the northern Moravian mountains
correlated with climate warming (Jeseniky Mts., Czech
Republic). Cent Eur ) Public Health. 2009;17(3):139-45.

Gilbert L. Altitudinal patterns of tick and host abundance:
a potential role for climate change in regulating tick-borne
diseases? Oecologia. 2010;162(1):217-25.

Randolph SE. Dynamics of tick-borne disease systems: minor
role of recent climate change. Rev Sci Tech. 2008;27(2):367-81.

Danielova V, Daniel M, Schwarzova L, Materna J, Rudenko
N, Golovchenko M, et al. Integration of a tick-borne
encephalitis virus and Borrelia burgdorferi sensu lato into
mountain ecosystems, following a shift in the altitudinal
limit of distribution of their vector, Ixodes ricinus (Krkonose
Mountains, Czech Republic). Vector Borne Zoonotic Dis.
2010;10(3):223-30.

Gray JS. Ixodes ricinus seasonal activity: implications of global
warming indicated by revisiting tick and weather data. Int )
Med Microbiol. 2008;298(Supplement 1):19-24.

Rizzoli A, Hauffe HC, Tagliapietra V, Neteler M, Rosa R.
Forest structure and roe deer abundance predict tick-borne
encphalitis risk in Italy. PLoS One. 2009;4(2):€4366.

Estrada-Pefia A, Venzal JM. Changes in habitat suitability for
the tick Ixodes ricinus (Acari: Ixodidae) in Europe (1900-1999).
EcoHealth. 2006;3(3):154-62.

Godfrey ER, Randolph SE. Economic downturn results in tick-
borne disease upsurge. Parasit Vectors. 2011;4:35.

Schwarz A, Maier WA, Kistemann T, Kampen H. Analysis

of the distribution of the tick Ixodes ricinus L. (Acari:
Ixodidae) in a nature reserve of western Germany using
Geographic Information Systems. Int ) Hyg Environ Health.
2009;212(1):87-96.

Emerging Diseases in a Changing European Environment
(EDEN). About EDEN (Emerging Diseases in a changing
European eNvironment). Montpellier: EDEN. [Accessed 29 Jun
2011]. Available from: http://www.eden-fpéproject.net/

Brooks CP, Zhang H. A null model of community disassembly
effects on vector-borne disease risk. ) Theor Biol.
2010;264(3):866-73.

LoGiudice K, Duerr STK, Newhouse MJ, Schmidt KA, Killilea ME,
Ostfeld RS. Impact of host community composition on Lyme
disease risk. Ecology. 2008;89(10):2841-9.

Brisson D, Dykhuizen DE. A modest model explains the
distribution and abundance of Borrelia burgdorferi strains. Am
) Trop Med Hyg. 2006;74(4):615-22.

Jameson L), Medlock JM. Tick surveillance in Great Britain.
Vector Borne Zoonotic Dis. 2011 Apr;11(4):403-12.

Cinco M, Barbone F, Grazia Ciufolini M, Mascioli M, Anguero
Rosenfeld M, Stefanel P, et al. Seroprevalence of tick-borne
infections in forestry rangers from northeastern Italy. Clin
Microbiol Infect. 2004;10(12):1056-61.

Thorin C, Rigaud E, Capek I, André-Fontaine G, Oster B,
Gastinger G, et al. [Seroprevalence of Lyme borreliosis and
tick-borne encephalitis in workers at risk, in eastern France].
Med Mal Infect. 2008;38(10):533-42. French.

Tijsse-Klasen E, Jacobs JJ, Swart A, Fonville M, Reimerink JH,
Brandenburg AH, et al. Small risk of developing symptomatic
tick-borne diseases following a tick bite in the Netherlands.
Parasit Vectors. 2011;4:17.

91.

92.

93.

94.

95.

96.

Jaenson TG, Eisen L, Comstedt P, Mejlon HA, Lindgren E,
Bergstrom S, et al. Risk indicators for the tick Ixodes ricinus
and Borrelia burgdorferi sensu lato in Sweden. Med Vet
Entomol. 2009;23(3):226-37.

Estrada-Pefia A. Diluting the dilution effect: a spatial Lyme
model provides evidence for the importance of habitat
fragmentation with regard to the risk of infection. Geospat
Health. 2009;3(2):143-55.

Rizzoli A, Merler S, Furlanello C, Genchi C. Geographical
information systems and bootstrap aggregation (bagging)
of tree-based classifiers for Lyme disease risk prediction in
Trentino, Italian Alps. ] Med Entomol. 2002;39(3):485-92.

Diekmann O, Heesterbeek JAP. Mathematical epidemiology

of infectious diseases. Model building, analysis and
interpretation. New York: John Wiley & Sons; 2000.

Hartemink NA, Randolph SE, Davis SA, Heesterbeek JA.

The basic reproduction number for complex disease

systems: defining R(o) for tick-borne infections. Am Nat.
2008;171(6):743-54.

Rosa R, Pugliese A. Effects of tick population dynamics and
host densities on the persistence of tick-borne infections. Math
Biosci. 2007;208(1):216-40.

www.eurosurveillance.org



