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Tick-borne encephalitis (TBE) is a serious acute neuroinfection of humans caused by a tick-borne flavivirus. The disease is typically seasonal, linked to the host-seeking activity of Ixodes ricinus (predominantly nymphs), the principal European tick vector species. To address the need for accurate risk predictions of contracting TBE, data on 4,044 TBE cases reported in the Czech Republic during 2001–2006 were compared with questing activity of I. ricinus nymphs monitored weekly at a defined location for the same 6-year period. A time shift of 21 days between infected tick bite and recorded disease onset provided the optimal model for comparing the number of cases of TBE with numbers of questing nymphs. Mean annual distribution of TBE cases and tick counts showed a similar bimodal distribution. Significantly, the ratio of TBE cases to questing nymphs was highest in the summer-autumn period even though the number of questing nymphs peaked in the spring-summer period. However, this pattern changed during a period of extreme meteorological events of flooding and abnormally high temperatures, indicating that changes in climate affect the incidence of TBE. Previous studies failed to link human behavior with changes in incidence of TBE but showed extrinsic temperature impacts arbovirus replication. Hence, we hypothesize the apparent discrepancy between peak nymphal tick activity and greatest risk of contracting TBE is due to the effect of temperature on virus replication in the tick vector. Relative proportions of questing nymphs and the numbers of weeks in which they were found were greater in summer-autumn compared with spring-summer at near-ground temperatures >5°C and at standard day and weekly average temperatures of >15°C. Thus, during the summer-autumn period, the virus dose in infected tick bites is likely greater owing to increased virus replication at higher microclimatic temperatures, consequently increasing the relative risk of contracting TBE per summer-autumn tick bite. The data support the use of weather-based forecasts of tick attack risk (based on daytime ambient temperature) supplemented with weekly average temperature (as a proxy for virus replication) to provide much-needed real-time forecasts of TBE risk.
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INTRODUCTION

Tick-borne encephalitis (TBE) is a serious acute neuroinfection of humans caused by a member of the virus family, Flaviviridae. The principal vector of the European subtype of TBE virus (TBEV) is the most epidemiologically important European tick species, Ixodes ricinus. In 1948, across several areas of the Czech Republic, 56 cases of a viral neuroinfection were reported linked to tick-bite (Ružek, 2015); TBEV was isolated from the patients and from ticks collected in Central Bohemia and Moravia (Gallia et al., 1949; Krejčí, 1949; Rampas and Gallia, 1949). In subsequent years, TBE was recognized in other European countries and the virus isolated: Hungary (Fornosi and Molnár, 1952), Poland (Przesmycki et al., 1954), Bulgaria (Vaptsarov et al., 1954), Slovenia (Bedjanič et al., 1955), Austria (Pattyn and Wyler, 1955), Romania (Draganescu, 1959), Finland (Oker-Blom, 1956), Germany (Sinnecker, 1960), and Sweden (Kaäriainen et al., 1961). Presently in Europe, TBE is most prevalent in Southern Germany, Switzerland, Austria, the Czech Republic, Slovakia, Hungary, Slovenia, the Baltic countries, Poland, parts of Scandinavia, and Russia (Heinz et al., 2013). Longitudinal surveillance in Austria shows TBE emergence in previously unaffected regions consistent with similar findings in Norway, Sweden, and Denmark (Skarpaas et al., 2004; Johan et al., 2006; Fomsgaard et al., 2009; Heinz et al., 2013). During the period of our study (2001–2006), TBE mortality rate in the Czech Republic was 0.2% (EPIDAT, see below). Patients required hospitalization for 3–4 weeks followed by 6–8 weeks or more rehabilitation (Duniewiecz, 1999).

Since the first virus isolation, particular attention is paid to TBEV and its vector in the Czech Republic. As early as 1954, in the first European monograph on TBE, seasonal bimodal curves of weekly registered TBE cases and tick occurrence were recorded and the influence of meteorological factors was recognized (Raška and Bárdoš, 1954). Owing to the relatively high number of cases, TBE became a notifiable disease in the Czech Republic in 1970. Since 1971, records of laboratory confirmed cases are collated in an extensive database (EPIDAT, National Institute of Public Health, Prague), which includes clinical data on TBE cases as well as probable date and place of infection, and time of onset of symptoms. This unique database, comprising 21,847 TBE cases reported in 1970–2016, enables the evaluation of temporal changes in the epidemiology of TBE over several decades coinciding with major changes in climatic variables, and including regional analysis (Daniel et al., 2011; Kříž et al., 2012). Since the 1990s, increasing incidences of TBE have been reported in several Central and Western European countries. In 2012, TBE became an obligatory notifiable disease in all countries of the European Union (2012/506/EU: Commission Implementing Decision of 8 August 2012), with a unified case definition (Amato-Gauci and Zeller, 2012). As a consequence of the increasing incidence, a detailed study of the seasonal dynamics of I. ricinus tick activity was carried out in 2001–2006 within the framework of the WHO/EC project, Climate Change and Adaptation Strategies for Human Health (Menne and Ebi, 2006). Host-seeking activity of nymphs (epidemiologically the most important stage), and concurrent near-ground temperature and relative air humidity, were recorded 1 day each consecutive week for 6 years, and the data compared with standard weather data collected at a nearby meteorological station (Daniel et al., 2015). Temperature was shown to be the strongest predictor of the seasonality of tick host-seeking activity. These results are the basis of a computer model for predicting the risk of tick attack in the Czech Republic. Predictions are actualized according to routine weather forecasts modified by the 3–4 day synoptic situation, and publicized by the Czech Hydrometeorological Institute (CHMI) with risk categorized at 10 different levels (Daniel et al., 2010).

Given that only low numbers of ticks are infected with TBEV (see section Discussion), comparatively few people bitten by ticks develop clinical neurological disease (Duniewiecz, 1999). This also applies to people bitten by infected ticks. For example, in a highly active natural focus of TBEV transmission, the ratio of symptomatic to inapparent TBE cases was approximately 2:3, representing 6.1 and 9.6%, respectively of permanent residents (Luňáčková et al., 2003). Hence current predictions are of tick attack risk rather than of the risk of TBE clinical infections. Here we examine the relationship between abundance of questing nymphal ticks and incidence of TBE in order to test if weather-based forecasts of tick attack risk can be used to predict risk of contracting TBE.

MATERIALS AND METHODS

Incidence of TBEV Clinical Infections in Humans

Since 1970, laboratory-confirmed cases of TBE in the Czech Republic have been recorded in the EPIDAT database (http://www.szu.cz/publikace/data/infekce-v-cr), a national reporting system maintained by the National Public Health Institute (NIPH) in Prague, Czech Republic. Each case of TBE is reported by the diagnosing physician to the public health authorities, which then undertake epidemiological investigations. Through an interview with the patient, records are made of medical history, probable time and place of infection, and possible transmission route. These data are then collated on a weekly basis by NIPH. For our study, 4,044 cases of TBE registered in the Czech Republic during 2001–2006 were classified according to the date of the first recorded clinical symptoms.

Monitoring Ixodes ricinus Tick Activity

The tick collecting site and monitoring design to determine the seasonal variation in I. ricinus questing activity have been described previously (Daniel et al., 2015). Briefly, I. ricinus host-questing activities were investigated in 2001–2006 by the standard flagging method in a defined site in the southern outskirts of Prague, 4 km from the main observatory station of the CHMI. Ticks were counted at weekly intervals from March to November. Altogether 208 monitoring visits were conducted. Ticks were not removed from the plots but were immediately released back to the place of collection. Detailed numbers of ticks counted and concurrent records of microclimate temperature are published (Daniel et al., 2015). The 6-year study period allowed time for the development of three tick generations (the life cycle of I. ricinus typically takes 2 years to complete in Central Europe) (Daniel and Dusbábek, 1994). Only data for nymphs were used as this stage poses the greatest risk to humans (Lindblom et al., 2013).

Meteorological Data

Three sets of temperature data were used for comparisons of meteorological conditions with I. ricinus host-questing activity:

1. Near-ground temperature measured using a mercury thermometer placed at 1 cm above the ground, in shadow and away from the sun (Daniel et al., 2015).

2. Standard day temperature recorded by the nearby CHMI observatory on the same day and at the same time as the near-ground temperature was recorded in the tick monitoring site.

3. Weekly average temperature for each week of the 2001–2006 monitoring period obtained from the CHMI database.

Near-ground temperature represents the real-time ecoclimatic temperature that ticks experience in the monitored site. Such measurements are not routinely available and therefore temperature measurements recorded daily by standard meteorological methods are used for tick questing activity forecasts. However, weekly average temperature better characterizes the temperature influence on virus replication in infected ticks (Danielová, 1975).

Statistical Analysis

To compare meteorological conditions and tick counts with the estimated times of human infection (i.e., infected tick bite), the predictor variables were lagged by performing a time shift (1–6 weeks) to take into account the incubation period between virus infection and clinical symptoms. The best model was selected using two different approaches, Akaike's and Bayesian information criteria, which measure relative quality of statistical models for given data. They take into account both the overall fit of the model (statistical goodness of fit measured via log-likelihood) and the number of parameters that have to be estimated to achieve the particular degree of fit, by imposing a penalty for increasing the number of parameters.

For statistical testing, square root transformation was applied to the data for tick activity and TBE cases to control for heteroskedasticity and obtain a near-normal distribution. Statistical analysis was based on the linear regression model to test the linear relationship between square root transformed counts of ticks/TBE cases. The model for each respective year is expressed as:
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where

yi is the square root of the number of TBE cases

xi is the square root of the number of active nymphs
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β0, β1, β2, β3 are regression coefficients

n is the number of analyzed weeks in the year.

Difference of the slopes for spring-summer (β1) and summer-autumn (β1 + β3) period was tested via the regression coefficient β3 for the interaction term between the period indicator Pi and nymphal tick counts. Chow's test was used to examine whether both parameters of one regression line are equal to those of another regression line. Temperature and the respective numbers of ticks were grouped into categories and the cumulative frequencies were calculated. The statistical significance level was set to 5%. Data were processed using R software, version 3.1.2 (R Core Team, 2014).

All data relevant to the conclusions of this manuscript are available upon request to the authors.

RESULTS

Seasonal Incidence of TBE

During 2001–2006, 4,044 cases of TBE were reported in the Czech Republic. Of these, 21 cases (0.52%) were attributed to alimentary infections from drinking/eating contaminated milk products (Kříž et al., 2009). The rest were assumed to have resulted from the bite of an infected I. ricinus tick. Determination of the seasonal incidence of infection was based on the distribution of cases by calendar week of the onset of symptoms with an accuracy of 1 week (Figure 1). Generally, the seasonal incidence of cases is characterized by a bimodal curve, as seen across much of Europe (European Centre for Disease Prevention and Control, 2016). In 2001, the late summer peak was almost as high as the spring peak while in 2006, the late summer peak was higher than the spring peak.
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FIGURE 1. Cases of TBE in the Czech Republic by calendar week of onset of clinical symptoms. Data from the Czech EPIDAT database for 2001–2006.



Comparison of the Seasonal Incidence of TBE and the Abundance of Host-Questing I. ricinus Nymphs

Mean annual distribution of TBE cases and tick counts show a similar bimodal profile (Figure 2). However, whereas the number of questing nymphs reached a maximum in the spring-summer period (~week 21) and then declined but with a minor second peak in autumn (~week 40), the peak incidence of TBE was at the beginning of the summer-autumn period (~week 29), and showed a slower rate of decline compared to nymph activity at the end of the summer period and a relatively higher summer-autumn peak (~week 40).
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FIGURE 2. Seasonal activity of Ixodes ricinus nymphs by week of collection and incidence of TBE by week of onset. Data for 2001–2006 are compared using a 3-week shift in alignment. Spring-summer and summer-autumn periods are distinguished by the sharp drop in number of questing nymphs around week 22 and fall in near ground temperature to 10–12°C (Daniel et al., 2015).



To investigate the apparent seasonal discrepancies, the linear regression relationship between the mean annual numbers of TBE cases and tick abundance was compared between the spring-summer and summer-autumn periods. Time shifts of 1–6 weeks were tested to account for the delay between time of infection and onset of TBE symptoms (Figure 3). There was a high degree of correlation in weekly count of TBE cases and weekly count of questing nymphs; the highest mean correlation was obtained with a 3-week shift (r = 0.95). However, even allowing for a 3-week delay between the time of an infected tick bite and the onset of clinically apparent disease, discrepancies were apparent in the seasonal dynamics of nymphal tick abundance and TBE incidence (Figure 2).
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FIGURE 3. Analysis of the effect of a 1–6 week time shift on the estimated time of infection using Akaike's (AIC) and Bayesian (BIC) information criteria. The two criteria were used to select the best model in the group of models (1–6 week shift) compared. Lower criterion values indicate the preferred model.



Comparison of annual regression lines and their slopes showed that summer-autumn was consistently steeper than spring-summer (Figure 4, Supplementary Table 1). Over the 6-year time span, the difference in the slope of the regression lines between the two seasonal periods was highly significant (p < 0.001) indicating that the incidence rate of TBE grew more rapidly in the summer-autumn period than in the spring-summer period in response to the unit increase in tick questing rate. The greatest difference was observed for 2006 (p = 0.005) (Supplementary Table 1), reflecting the remarkably high relative incidence of TBE in the summer-autumn period (Figure 1). Even when 2006 was removed from the model, the difference between regression slopes for spring-summer and summer-autumn remained significant (p = 0.012). Seasonal regression lines within 2002 and 2003 were similar (p = 0.19 and p = 0.31, respectively); however, in 2003 (the year following extensive flooding), they were reversed indicating there were relatively fewer cases of TBE per given number of questing ticks during the summer-autumn period compared with the spring-summer period. This anomaly was probably a consequence of floods and unusual meteorological conditions (see section Discussion).
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FIGURE 4. Inter-seasonal comparison of the linear regression relationship between numbers of host-questing Ixodes ricinus nymphs and cases of TBE. Square root transformation was used for both axes together with a 3-week shift in alignment.



Year-on-year variability in the relationship between I. ricinus abundance and TBE incidence was greater in spring-summer period compared with summer-autumn (Table 1). This inter-seasonal difference reflects greater variability in meteorological conditions during spring. All regression lines in the summer-autumn period were similar except 2006 (Figure 5).


Table 1. Differences between numbers of ticks and TBE cases.
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FIGURE 5. Inter-annual comparison of the linear regression relationship between numbers of host-questing Ixodes ricinus nymphs and cases of TBE. Year-on-year comparison for 2001–2006 of the regression lines for (A) the spring-summer period, and (B) the summer- autumn period. Square root transformation was used for both axes with a 3-week shift in alignment.



Host-Questing Activity of I. ricinus Nymphs and Temperature: Comparison of Spring-Summer and Summer-Autumn Periods

Our previous study showed air temperature to be the best predictor of nymph questing activity compared with relative humidity or day length (Daniel et al., 2015), as was found in a study of the interaction between TBE incidence, ambient temperature and precipitation rate (Kříž et al., 2015). Hence the variation in relationship between the numbers of questing I. ricinus nymphs and the number of TBE cases for the spring-summer and summer-autumn periods was examined in relation to ambient air temperature to which host-seeking ticks were exposed. Questing activity was examined in ranges of 5°C, comparing near-ground temperature in the monitoring site with standard day and weekly average temperatures recorded at the nearby CHMI observatory. Standard day and weekly average temperatures were generally 4–5°C higher than near-ground temperatures with a maximum difference of 10°C (in 2006; Figure 6). During the total 66 weeks of the spring-summer period for the 6-year period examined, 6,903 questing nymphs were recorded, whereas 7,955 questing nymphs were counted during the total 102 weeks of the summer-autumn period (Supplementary Table 2).
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FIGURE 6. Host-questing Ixodes ricinus nymphs in spring-summer and summer-autumn compared with near-ground, standard day, and weekly average temperatures. Data for 2006.



Based on near-ground temperatures, the proportions of questing nymphs recorded in the two lowest temperature ranges (≤0°C and 0.1–5°C) differed substantially between the two seasonal periods (Figure 7). These low temperature ranges were comparatively rare in the summer-autumn period (Supplementary Table 2). In the categories 5.1–10 and 10.1–15°C, similar proportions of nymphs were questing in the two seasonal periods although there were more records for the summer-autumn period. However, there was a marked difference in the proportions and numbers of nymphs questing in the higher temperature ranges (15.1–20°C and >20°C) during summer-autumn compared with spring summer although, not surprisingly, there were more records in these categories (Supplementary Table 2). This difference was more striking when comparisons were made using standard day and weekly average temperatures (Figure 7). The relative proportions of questing nymphs and the numbers of weeks in which they were found were greater in summer-autumn compared with spring summer at near-ground temperatures >5°C, and at standard day and weekly average temperatures of >15°C (Figure 8).
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FIGURE 7. Proportions of host-questing Ixodes ricinus nymphs active at different temperature categories in spring-summer compared with summer-autumn periods. Proportions are expressed as % questing nymphs evaluated against near-ground, standard day, and weekly average temperatures.
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FIGURE 8. Relative proportions of nymphs and numbers of weeks in which they were found at different temperature categories in spring-summer and summer-autumn. Based on (A) near-ground temperature measured in the tick habitat, (B) standard day temperature measured by the CHMI observatory, and (C) weekly average of temperature derived from the CHMI database.



DISCUSSION

Although most cases of TBE arise from an infected tick bite, the ratio of symptomatic human TBE infections to questing I. ricinus nymphs was found to differ significantly between spring-summer and summer-autumn periods. The seasonal difference is apparent even when allowance is made for the interval between infected tick bite and the first symptoms of TBE. This interval includes the incubation period for TBE, which is highly variable between individuals partly because of the typical bi-phasic clinical course. The first phase, characterized by non-specific influenza-like symptoms with an incubation period of 3–21 days, may be missed in up to one third of cases and disease recognized directly with neurological symptoms (Duniewiecz, 1999). Other factors influencing the incubation phase include age, overall state of physical and mental health, and the virus dose transmitted by tick bite (Duniewiecz, 1999; Penyevskaya, 2008). Modeling indicated that 21 days was the best estimate of the time between infected tick bite and onset of TBE.

Given the need for accurate risk predictions of contracting TBE, we investigated the apparent discrepancy between seasonal incidence of TBE and abundance of host-questing nymphs. Our previous study showed near-ground temperature in the site of tick monitoring is the strongest predictor of tick activity, and showed a high correlation with local meteorological observations in Central Bohemia (Daniel et al., 2015). Similar observations apply to monitoring sites in northern Bohemia, northern Moravia, southern Bohemia, and in the Bohemian-Moravian Highlands (Daniel et al., 2016; Brabec et al., 2017). Hence seasonal discrepancies between numbers of active I. ricinus nymphs and TBE cases appear to be independent of locality. Likewise, the seasonal discrepancy in tick activity and TBE incidence is not explained by human activity (which has changed in the last 20 years), as exemplified by the rise in TBE cases at higher altitudes in the Czech Republic where land use and socio-economic conditions have remained unchanged (Daniel et al., 2011). Although promotion of healthy lifestyles encourages outdoor activity, greater environmental management reduces tick contact; furthermore, sustained national awareness campaigns have increased awareness of tick-borne diseases and preventative measures (Daniel et al., 2006, 2010). TBE vaccination in Austria of 85% of the population corresponds with a reduction in the number of TBE cases to ~16% of pre-vaccination levels; however, in the Czech Republic TBE vaccination only reached 23% coverage in 2013 (Heinz et al., 2013; Prymula, 2015). Although it cannot be ruled out that human activity accounts for the greater relative risk of contracting TBE during summer-autumn, the lack of any clear evidence suggests an alternative explanation.

Seasonal variation in tick host-questing activity, represented by a bimodal curve, shows a significant relationship with microclimatic conditions (particularly temperature) in the I. ricinus habitat (Daniel et al., 2015). The first and always considerably higher activity peak corresponds with an average temperature range of 10.1–15.0°C while the second, substantially smaller peak corresponds with an average temperature range of 15.1–20.0°C. However, this pattern changed significantly in 2003 when the numbers of questing nymphs were significantly reduced. Interestingly, a similar anomaly was observed in the 2003 seasonal regression lines comparing the numbers of TBE cases: unlike other years, there were more cases per given number of questing ticks during spring-summer compared with summer–autumn (Figure 4). These coincident changes in the typical seasonal dynamics of questing ticks and TBE incidence followed record-breaking flooding in August 2002 in Central Europe, and coincided with an extremely dry period from March to the end of September in 2003 when temperatures exceeded the 30-year monthly averages by 2.9–4.1°C (Hladný et al., 2004; Menne and Ebi, 2006; Rebetez et al., 2009; Daniel et al., 2015). The correlation between extreme meteorological events and TBE incidence has not previously been reported.

Ambient temperature has a significant influence on the development and activity of arthropod vectors, and on the pathogens they transmit. Most studies of ambient temperature effects on arbovirus infection of vectors have involved mosquitoes rather than ticks (Danielová, 1975; Watts et al., 1987; Mellor and Leake, 2000; Dohm et al., 2002; Carpenter et al., 2011). The effects of temperature (15 and 24°C) and relative humidity (75 and 97% RH) on TBEV-infected I. ricinus ticks were examined in laboratory studies using 920 nymphs fed on viraemic laboratory mice (Danielová et al., 1983; Danielová, 1990). The highest infection rates (70 and 73%) were observed at 24°C + 75% RH and 24°C + 97% RH, respectively. Furthermore, nymphs that fed on viremic mice 1–2 months after molting showed 59% infection rates whereas older nymphs (3–4 months after molting from larvae) feeding on the same mice had infections rates of only 29% (p < 0.001), suggesting that physiological age affects infection levels. Given that spring host-questing nymphs are those metamorphosed in the preceding year and overwintered as unengorged nymphs while summer-autumn host-questing nymphs are predominantly nymphs metamorphosed in the same summer (Daniel and Dusbábek, 1994), a combination of physiological age and environmental temperature may influence TBEV replication in ticks and account for higher relative numbers of human TBE cases in the summer-autumn season. Studies on the Far Eastern subtype of TBEV in its principal vector, Ixodes persulcatus, provide similar indications that extrinsic climatic conditions affect virus infection of the tick vector (Korenberg and Kovalevskii, 1994; Korenberg, 2000). Russian authors also conclude that clinical disease occurs most often when humans are bitten by ticks carrying a relatively high virus dose (Korenberg and Kovalevskii, 1994, 1999; Penyevskaya, 2008). In a study of 1,496 adults and 345 children (all unvaccinated) bitten by adult I. persulcatus in a focus of TBEV transmission, the ticks were removed and classified according to the level of infectious virus they carried (Penyevskaya, 2008). Of those bitten by ticks with low virus titers (~1.0 log10 TCID50), 4/1108 (0.4%) adults, and 2/240 (0.8%) children became symptomatically infected. Ticks with moderate infections (~2.17 log10 TCID50) were associated with 6/147 (4.1%) adults and 5/44 (11.4%) children symptomatically infected while ticks with high infection levels (~3.08 log10 TCID50) were associated with 34/241 (14.1%) adults and 20/61 (32.8%) children that developed TBE.

Given that higher temperatures are associated with higher levels of TBEV infection in ticks and with higher incidences of TBE in humans, environmental temperature explains the discrepancy reported here between tick activity and number of cases of TBE in spring-summer compared with summer-autumn periods. Although comparatively frequent in the spring period, the bites by I. ricinus ticks (particularly nymphs) during the sharp explosive onset of their host-questing activity (also the start of human outdoor leisure activities) cause relatively fewer cases of clinical disease in comparison with the summer period. Lower average temperatures in the tick habitat may constrain TBEV replication after overwintering such that the threshold dose needed for clinical infection in humans is not attained. In spring, humans bitten by infected ticks may receive only a sub-threshold dose of TBEV causing subclinical (asymptomatic) infection resulting in an immune response. This would explain, for example, the high prevalence of antibodies in individuals in South Bohemia without any previous clinical disease (Luňáčková et al., 2003). Higher average temperatures during the summer-autumn period may lead to higher levels of TBEV in ticks and consequently an increased risk that humans develop the disease following an infected tick bite. Our working hypothesis can be tested by extensive statistical comparison of virus infection levels in ticks collected in the same locality during the spring-summer and summer-autumn periods. Although the logistics of such an undertaking are formidable, given the very low TBEV infection rate in ticks in nature (estimated as <0.1%) modern sequencing technologies now make this challenge tractable (Daniel et al., 2008, 2016).

Daytime ambient temperature directly affects I. ricinus host-questing activity, the basis for prognoses of general tick attack risk. This daily warning, based on routine meteorological forecasts, has been implemented in the Czech Republic since 2007 as part of the awareness campaign for inhabitants in TBE risk areas (Daniel et al., 2015). However, conditions affecting TBEV load in tick bites are better represented by weekly average temperatures. Thus the model of general tick attack risk (based on daytime temperature) supplemented with weekly average temperature provides the opportunity for real time forecasts of TBE clinical infection risk as part of an effective campaign to prevent TBE in humans.

ETHICS STATEMENT

The study uses national statistics on recorded cases of TBE that do not refer to individual case details and are freely available to academic researchers. Use of these data is exempt from requiring ethical consent.

AUTHOR CONTRIBUTIONS

MD, VD conceived and designed the study; AF, MM, and BK analyzed the data. PN, MD, and VD wrote the paper.

FUNDING

National Institute of Public Health originally funded the research but the funding ended some time ago.

ACKNOWLEDGMENTS

The authors thank T. Vráblík, MSc and I. Kott, MSc (both from the Czechia Hydrometeorological Institute, Prague) for providing data from the CHMI database. We should like to dedicate this paper to Harry Hoogstraal, 1917–1986, the greatest authority on ticks and tickborne diseases of our lifetime.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2018.00090/full#supplementary-material

REFERENCES

 Amato-Gauci, A., and Zeller, H. (2012). Tick-borne encephalitis joins the diseases under surveillance in the European Union. Euro. Surveill. 17:20299. doi: 10.2807/ese.17.42.20299-en

 Bedjanič, M., Rus, S., Kmet, J., and Vesenjak-Zmijanac, J. (1955). Virus meningo-encephalitis in Slovenia. Bull. World Health Organ. 12, 503–512.

 Brabec, M., Daniel, M., Malý, M., Danielová, V., Kříž, B., Kott, I., et al. (2017). Analysis of meterological effects on the incidence of tick-borne encephalitis in the Czech Republic over a thirty-year period. Virol. Res. Rev. 1, 2–8. doi: 10.15761/VRR.1000103

 Carpenter, S., Wilson, A., Barber, J., Veronesi, E., Mellor, P., Venter, G., et al. (2011). Temperature dependence of the extrinsic incubation period of orbiviruses in Culicoides biting midges. PLoS ONE 6:e27987. doi: 10.1371/journal.pone.0027987

 Daniel, M., Beneš, Č., Danielová, V., and Kříž, B. (2011). Sixty years of research of tick-borne encephalitis – a basis of the current knowledge of the epidemiological situation in Central Europe. Epidemiol. Mikrobiol. Immunol. 60, 135–155.

 Daniel, M., Danielová, V., Kříž, B., Ružek, D., Fialová, A., Malý, M., et al. (2016). The occurrence of Ixodes ricinus tick and important tick-borne pathogens in areas with high tick-borne encephalitis prevalence in different altitudinal levels of the Czech Republic. Part, I. Ixodes ricinus ticks and tick-borne encephalitis virus. Epidemiol. Microbiol. Immunol. 65, 118–128.

 Daniel, M., and Dusbábek, F. (1994). “Micrometeorological and microhabitat factors affecting maintenance and dissemination of tick-borne diseases in the environment,” in Ecological Dynamics of Tick-Borne Zoonoses, eds D. E. Sonenshine and T. N. Mather (Oxford: Oxford University Press), 91–138.

 Daniel, M., Kříž, B., Danielová, V., Valter, J., and Kott, I. (2008). Correlation between meteorological factors and tick-borne encephalitis in the Czech Republic. Parasitol. Res. 103(Suppl. 1), S97–S107. doi: 10.1007/s00436-008-1061-x

 Daniel, M., Malý, M., Danielová, V., Kříž, B., and Nuttall, P. A. (2015). Abiotic predictors and annual seasonal dynamics of Ixodes ricinus, the major disease vector of Central Europe. Parasit. Vectors 8:478. doi: 10.1186/s13071-015-1092-y

 Daniel, M., Vráblík, T., Valter, J., Kříž, B., and Danielová, V. (2010). The TICKPRO computer program for predicting Ixodes ricinus host-seeking activity and the warning system published on websites. Cent. Eur. J. Pub. Health 18, 230–236.

 Daniel, M., Zitek, K., Danielová, V., Kříž, B., Valter, J., and Kott, I. (2006). Risk assessment and prediction of Ixodes ricinus tick questing activity and human tick-borne encephalitis infection in space and time in the Czech Republic. Int. J. Med. Microbiol. 296(Suppl. 40), 41–47. doi: 10.1016/j.ijmm.2006.02.008

 Danielová, V. (1975). Growth of Tahyna virus at low temperatures. Acta Virol. 19, 327–332.

 Danielová, V. (1990). Experimental infection of ticks Ixodes ricinus with tick-borne encephalitis virus under different microclimatic conditions. Folia Parasit. 37, 279–282.

 Danielová, V., Daniel, M., Holubová, J., Hájková, Z., and Albrecht, V. (1983). Influence of microclimatic factors on the development and virus infection rate of ticks Ixodes ricinus L. under experimental conditions. Folia Parasit. 30, 153–161.

 Dohm, D. J., O'Guinn, M. L., and Turell, M. (2002). Effect of environmental temperature on the ability of Culex pipiens (Diptera: Culicidae) to transit West Nile virus. J. Med. Entomol. 39, 221–225. doi: 10.1603/0022-2585-39.1.221

 Draganescu, N. (1959). Inframicrobial meningoencephalitis belonging to the group transmitted by arthropods. Identification of the pathogenic agent and study of the nerve lesions induced in white mice [In Romanian]. Stud. Tercet. Inframicrobiol. 10, 363–369.

 Duniewiecz, M. (1999). “Central European Tick-borne encephalitis,” in Neuroinfection, eds M. Duniewiecz and P. Adam (Prague: Maxdorf), 119–127.

 European Centre for Disease Prevention Control (2016). Annual Epidemiological Report 2016 – Tick-borne Encephalitis. Stockholm: ECDC. Available online at: https://ecdc.europa.eu/en/tick-borne-encephalitis/surveillance-and-disease-data/annual-epidemiological-report (Accessed March 14, 2018).

 Fomsgaard, A., Christiansen, C., and Bodker, R. (2009). First identification of tick-borne encephalitis in Denmark outside of Bornholm, August 2009. Euro. Surveill. 14:19325. doi: 10.2807/ese.14.36.19325-en

 Fornosi, F., and Molnár, E. (1952). Meningoencephalitis in Hungary [In Hungarian]. Orv. Hetil. 93, 993–996.

 Gallia, F., Rampas, J., and Hollender, L. (1949). Laboratory infection with encephalitis virus [In Czech]. Cas. Lék. Ces. 88, 224–229.

 Heinz, F. X., Stiasny, K., Holzmann, H., Grgic-Vitek, M., Kříž, B., Essl, A., et al. (2013). Vaccination and tick-borne encephalitis, Central Europe. Emerg. Infect. Dis. 19, 69–76. doi: 10.3201/eid1901.120458

 Hladný, J., Krátká, M., and Kašpárek, L. (eds.). (2004). August 2002 Catastrophic Flood in the Czech Republic. Prague: Ministry of Environment of the Czech Republic), 1–48. ISBN 80-7212-343-2.

 Johan, F., Åsa, L., Rolf, A., Barbro, C., Ingvar, E., Mats, H., et al. (2006). Tick-borne encephalitis (TBE) in Skåne, southern Sweden: a new TBE endemic region? Scand. J. Infect. Dis. 38, 800–804. doi: 10.1080/00365540600664068

 Kaäriainen, L. E., Hirvonen, E., and Oker-Blom, N. (1961). Geographical distribution of biphasic tick-borne encephalitis in Finland. Ann. Med. Exp. Fenn. 39, 316–328.

 Korenberg, E. I. (2000). Seasonal population dynamics of Ixodes ticks and tick-borne encephalitis virus. Exp. Appl. Acarol. 24, 665–681. doi: 10.1023/A:1010798518261

 Korenberg, E. I., and Kovalevskii, Yu. V. (1994). Variation in parameters affecting risk of human disease due to TBE virus. Folia Parasit. 42, 307–312.

 Korenberg, E. I., and Kovalevskii, Y. V. (1999). Main features of tick-borne encephalitis eco-epidemiology in Russia. Zent. Bakteriol. 289, 525–539. doi: 10.1016/S0934-8840(99)80006-1

 Krejčí, J. (1949). Isolement d'un virus nouveau en course d'une épidemie de meningoencephalitides dans le région de Vyškov (Moravie) [In French]. Presse méd. 74:1084.

 Kříž, B., Benes, C., and Daniel, M. (2009). Alimentary transmission of tick-borne encephalitis in the Czech Republic (1997-2008). Epidemiol. Mikrobiol. Imunol. 58, 98–103.

 Kříž, B., Kott, I., Daniel, M., Vráblík, T., and Beneš, C. (2015). Impact of climate changes on the incidence of tick-borne encephalitis in the Czech Republic in 1982-2011 [In Czech]. Epidemiol. Mikrobiol. Imunol. 64, 24–32.

 Kříž, B., Malý, M., Beneš, C., and Daniel, M. (2012). Epidemiology of tick-borne encephalitis in the Czech Republic 1970-2008. Vector Borne Zoon. Dis. 12, 994–999. doi: 10.1089/vbz.2011.0900

 Lindblom, P., Wilhelmsson, P., Fryland, L., Sjöwall, J., Haglund, M., Matussek, A., et al. (2013). Tick-borne encephalitis virus in ticks detached from humans and follow-up of serological and clinical response. Ticks Tick Borne Dis. 5, 21–28. doi: 10.1016/j.ttbdis.2013.07.009

 Luňáčková, J., Chmelík, V., Šípová, L., Žampachová, E., and Bečvářová, J. (2003). Epidemiologické sledování klíštové encefalitidy v jižních Čechách (Epidemiological survey of tick-borne encephalitis in Southern Bohemia) [In Czech]. Epidemiol. Mikrobiol. Imunol. 52, 51–58.

 Mellor, P. S., and Leake, C. J. (2000). Climatic and geographic influences on arboviral infections and vectors. Rev. Sci. Tech. Off. Int. Epiz. 19, 41–54. doi: 10.20506/rst.19.1.1211

 Menne, B., and Ebi, K. L. eds. (2006). Climate Change and Adaptation Strategies for Human Health. Darmstadt: Steinkopff Verlag.

 Oker-Blom, N. (1956). Kumlinge disease; a meningo-encephalitis occurring in the Aaland Islands. Ann. Med. Exp. Biol. Fenn. 34, 309–318.

 Pattyn, S. R., and Wyler, R. (1955). Viral meningoencephalitis in Austria. IV. Virus in blood in experimental infection; attempted transmission by mosquitoes [In French]. Bull. World Health Organ. 12, 581–589.

 Penyevskaya, N. A. (2008). Methodological approach to the estimation of efficacy of etiotropic immunoprophylaxis in tick-borne encephalitis [In Russian]. Clin. Microbiol. Chemother. 10, 70–84.

 Prymula, R. (2015). “Prevention possibilities and vaccination against tick-borne encephalitis,” in Klíšt'ová encefalitida (Tick-Borne Encephalitis), ed D. Ružek (Prague: Grada Publishing a.s.), 155–172.

 Przesmycki, F., Taytsch, Z., Semkow, R., and Walentynowicz-Stanczyk, R. (1954). Research on the tick-borne encephalitis; I. Biology of the tick-borne encephalitis viral strains isolated in Poland [In Polish]. Przegl. Epidemiol. 8, 205–214.

 R Core Team (2014). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing, Available online at: http://www.R-project.org/

 Rampas, J., and Gallia, F. (1949). Isolation of an encephalitis virus from Ixodes ricinus ticks [In Czech]. Cas. Lék. Ces. 88, 1179–1180.

 Raška, K., and Bárdoš, V. (1954). “Epidemiology of the Czechoslovak tick-borne encephalitis,” in Československá klíšt'ová encefalitis (Czechoslovak Tick-Borne Encephalitis), ed K. Raška (Prague: Státní zdravotnické nakladatelství Publishing House), 65–77.

 Rebetez, M., Dupont, O., and Giroud, M. (2009). An analysis of the July 2006 heatwave extent in Europe compared to the record year of 2003. Theor. Appl. Climatol. 95, 1–7. doi: 10.1007/s00704-007-0370-9

 Ružek, D. ed. (2015). Klíšt’ová encefalitida (Tick-Borne Encephalitis). Prague: Grada Publishing a.s.

 Sinnecker, H. (1960). Zecken encephalitis in Deutschland [In German]. Zbl. Bact. Orig. 180, 12–18.

 Skarpaas, T., Ljøstad, U., and Sundøy, A. (2004). First human cases of tickborne encephalitis, Norway. Emerg. Infect. Dis. 10, 2241–2243. doi: 10.3201/eid1012.040598

 Vaptsarov, I., Turpomanov, A., Spasov, Z., Nikov, D., and Dragiev, M. (1954). Recurrent viral meningoencephalitis in southern Bulgaria [In Bulgarian]. Suvr. Med. (Sofia) 5, 86–103.

 Watts, D. M., Burke, D. S., Harrison, B. A., Whitmire, R. E., and Nisalak, A. (1987). Effect of temperature on the vector efficiency of Aedes aegypti for dengue 2 virus. Am. J. Trop. Med. Hyg. 36, 143–152. doi: 10.4269/ajtmh.1987.36.143

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Daniel, Danielová, Fialová, Malý, Kříž and Nuttall. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcimb-08-00090-g005.gif
[RN——

R |
o Lt






OPS/images/fcimb-08-00090-g006.gif
Tempamn e






OPS/images/fcimb-08-00090-g003.gif





OPS/images/fcimb-08-00090-g004.gif
w2
o 25

B
=

[R—
2008
o o
[R——

pre—

[r——

mea v o

e 281 jo e

b of st gt

et ot acte gt





OPS/images/fcimb-08-00090-t001.jpg
Year 2001 2002 2003 2004 2005 2006

2004 0339 0012 <0.001 -
2005 0332 0005  <0.001 0976 -
2006 0.196 0777 0038 0.022 0013 -

2003 0303 0.978 -

2004 0626 0462 0506 -

2005 0.806 0428 0403 0.920 -

2006 <0001 0002 0001 <0001 <0.001 -

“p-values from Chows test of whether the coefficients are equal in painwise regression
line comparisons of abundance of host-questing nymphs and cases of TBE.





OPS/images/fcimb-08-00090-g007.gif





OPS/images/fcimb-08-00090-g008.gif
ozs8Ed

reont.
ons88E

b
ozs888

“UC  0ISC  SMOC  WMSC 1840 520
Temperascategry ()
woc  orse  smoe  ase  miwe
Temperarsctegry ()
N
<0C 0isC  SMOC  WMEC 100 5200

Temporaascatogry ()

o, ~ s,






OPS/images/fcimb-08-00090-g001.gif





OPS/images/fcimb-08-00090-g002.gif
V™R

E::::r:,: ....................................





OPS/images/math_1.gif
yi~ &+ 8x+&E+E&xE,






OPS/images/inline_1.gif
0ifan observation belongs to spring — summer period
{mmmﬁnnmmwmmﬂmmwhi





OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Increased Relative Risk of
Tick-Borne Encephalitis in Warmer
Weather









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





