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Tick‑borne encephalitis vaccine 
effectiveness and barriers 
to vaccination in Germany
Teresa M. Nygren 1*, Antonia Pilic 1, Merle M. Böhmer 2,3, Christiane Wagner‑Wiening4, 
Ole Wichmann 1, Thomas Harder1 & Wiebke Hellenbrand 1

Tick‑borne encephalitis (TBE) vaccination coverage remains low in Germany. Our case–control study 
(2018–2020) aimed to examine reasons for low vaccine uptake, vaccine effectiveness (VE), and 
vaccine breakthrough infections (VBIs). Telephone interviews (581 cases, 975 matched controls) 
covered vaccinations, vaccination barriers, and confounders identified with directed acyclic graphs. 
Multivariable logistic regression determined VE as 1—odds ratio with 95% confidence intervals (CI). 
We additionally calculated VE with the Screening method using routine surveillance and vaccination 
coverage data. Main vaccination barriers were poor risk perception and fear of adverse events. 
VE was 96.6% (95% CI 93.7–98.2) for ≥ 3 doses and manufacturer‑recommended dosing intervals. 
Without boosters, VE after ≥ 3 doses at ≤ 10 years was 91.2% (95% CI 82.7–95.6). VE was similar 
for homologous/heterologous vaccination. Utilising routine surveillance data, VE was comparable 
(≥ 3 doses: 92.8%). VBIs (n = 17, 2.9% of cases) were older, had more comorbidities and higher 
severity than unvaccinated cases. However, only few VBIs were diagnostically confirmed; 57% of 
re‑tested vaccinated cases (≥ 1 dose, n = 54) proved false positive. To increase TBE vaccine uptake, 
communication efforts should address complacency and increase confidence in the vaccines’ safety. 
The observed duration of high VE may inform decision‑makers to consider extending booster intervals 
to 10 years.

From 2017 to 2020, 529 annual cases of tick-borne encephalitis (TBE) were notified in  Germany1. In Germany, 
TBE vaccination is recommended to people with tick exposure living in, traveling to, or working in risk areas.

TBE virus infections have been vaccine-preventable since the 1970s, with two vaccines currently licensed in 
Germany (ENCEPUR (Bavarian Nordic) and FSME-IMMUN (Pfizer)2. However, complete (≥ 3 doses) and on-
time vaccination coverage is only 22.3% in Bavaria and 18.0% in Baden–Wuerttemberg1. These southernmost 
federal states give rise to ~ 85% of TBE cases in  Germany1. This project addresses key aspects of TBE vaccination: 
vaccination barriers, vaccine effectiveness (VE), and vaccination breakthrough infections (VBI).

First, vaccination barriers like poor risk perception are known from  Finland3 and  Sweden4, but have to our 
knowledge never been studied in larger samples in Germany. Currently, 175 TBE risk districts exist in Germany 
and 71% of cases occur within 58 areas with highest  incidence1. Coverage (≥ 3 doses, last dose on-time) is 22.3% 
in these areas, only somewhat higher than in 58 low-incidence areas at 17.6%1. Identifying key barriers is crucial 
for designing public health campaigns to increase coverage, particularly in high-incidence areas.

Second, VE has hitherto mainly been determined in  Austria5. Results may however not be transferrable to 
other European countries given Austria’s uniquely high vaccination coverage at 85% for ≥ 1  dose6. Coverage (≥ 1 
dose) in 10 other TBE-endemic European countries averages 25% according to a 2015 cross-sectional online 
survey (Germany: 27%)6. VE calculated at high coverages of > 80% like in Austria is prone to confounding, as 
unvaccinated persons tend to differ from the source population in covariates linked to disease risk that are inde-
pendent of  vaccination7. This applies to case–control-designs7 and likely also other designs, as the unvaccinated 
population fraction becomes ever more selected at higher coverages and may increasingly differ from the vac-
cinated in potentially confounding parameters. Recently, VE was estimated in Latvia and Southern  Germany8, 
but data sources had weaknesses. Vaccination data lacked details on vaccine type and dose timing (except last 
dose) and coverage data originated from the above-mentioned cross-sectional  survey6 whose online design is 
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prone to selection bias. An additional methodological shortcoming of both previous  studies5,8 is using the basic 
formula of the Farrington Screening  method9, as provided in the “Methods” section below, which does not per-
mit confounder adjustment beyond stratification into sub-groups. We therefore aimed to determine vaccine-/
dose-/timing-specific VE based on a carefully adjusted case–control study to provide more robust VE estimates.

Thirdly, we aim to explore acute TBE severity in VBI cases. There is uncertainty whether severity differs from 
that in unvaccinated  cases10–15. Moreover, we examined severity in patients with incomplete vaccination series 
(1–2 doses) to rule out that this constellation leads to enhanced  disease16. Antibody-dependent enhancement 
(ADE) has been discussed, but appears overall unlikely in  TBE17, yet research on humans is sparse (e.g. Ref.10). 
Notably, serum diagnostics are challenging in previously TBE vaccinated TBE cases due to unspecific antibody 
rises and cross-reactivity18. German routine surveillance therefore stipulates validating vaccinated cases (≥ 1 
dose) at the national reference laboratory with the NS1-antibody  test19 to distinguish between true VBIs and 
false positives. We report validation results within our sample.

In summary, detailed insights on vaccination barriers, VE, and VBIs are valuable for public health planning, 
practicing physicians, and campaigns aiming to diminish the substantial morbidity still caused by this prevent-
able infection.

Results
Participant characteristics. In total 581 of 1,220 eligible cases (48%) participated, without indication of 
selection bias (see Ref.20). Matching factors were similar between cases and controls; vaccination status differed 
markedly (Table 1).

Routine surveillance data on vaccination status was available for 566 cases (97.4%). Study data showed excel-
lent agreement with routine data for 99.8% of unvaccinated cases. Yet, 24 of 76 vaccinated cases (31.6%) were 
misclassified as unvaccinated in routine data.

Vaccination barriers. Vaccination barriers were similar in cases and controls, mainly relating to low-risk 
perception regarding the disease and fear of adverse events following immunization (Fig. 1). Additional reasons 
were reported by 46 controls and 59 cases, most frequently: never having had tick bites (n = 31) or considering 
the vaccination unnecessary (n = 22). Worry about costs or vaccine unavailability were not named.

As the proportion of unvaccinated differed markedly (cases: 85.5%, controls: 40.4%), we compared further 
characteristics to assess group comparability. Most covariates were similar, while small differences were observed 
for age and education (Supplementary Table 2).

VE based on the case–control approach. VE after ≥ 3 doses with the last dose on-time was 96.6% 
(Fig. 2). When time intervals were exceeded (> 3 or > 5 years), but the last dose was within 10 years, VE was 
91.2%. For “ ≥ 3 doses, last dose 5–10 years ago” (11 cases, 56 controls), VE was 82.4% (95% CI 63.0–91.7%). If 
the last dose was > 10 years ago, VE was 88.6%. A sensitivity analysis only using exact vaccination dates produced 
almost identical results (Fig. 2). For “≥ 3 doses, on-time” and “≥ 3 doses, not on-time, ≤ 10 years” combined, VE 
was 95.2% (95% CI 92.2–97.0) and remained stable across age groups (99.8%, 95.7%, and 95.3% for  < 18, 18–64 
and ≥ 65 years, respectively).

VE at ≥ 3 doses was similar for homologous vaccination series with either ENCEPUR (95.8%) or FSME-
IMMUN (93.1%) and heterologous vaccination (93.9%) (Fig. 2). VE was not reduced when primary immunisa-
tion had irregular timing. VE increased gradually with dose number and ≥ 4-dose-VE was comparable across 
age groups (Fig. 2).

VE based on the screening method. VE for ≥ 3 doses on-time was 92.8% and in the sensitivity analysis 
89.4% (Table 2).

Vaccination breakthrough infections. There were 17 VBIs (2.9% of 581 cases): ten had received 3–4 
doses, four 5–6 doses, and three 8–9 doses. Ten VBIs had homologous vaccination series (6 FSME-IMMUN, 4 
ENCEPUR), four had heterologous series, three lacked data. The median interval between last dose and onset 
was 1.8  years (range 70  days–4.1  years). VBIs were older with greater comorbidity than unvaccinated cases 
(Table 3). Illness- or medication-induced immunosuppression could not explain VBIs. TBE was more severe in 
VBIs than in unvaccinated cases (Table 3). VBIs did not cluster spatially (Supplementary Fig. 3) or temporally.

Severity at 1–2 doses was comparable to unvaccinated cases (Table 3). Of 34 cases with reported time interval 
between last dose and onset, the median interval was 4.5 years (range 1 day–39.6 years). Severity in seven cases 
with intervals < 30 days was similar to unvaccinated cases (1 mild, 5 moderate, 1 severe).

Diagnostic validation of vaccinated cases. Validation was only performed on 54 of 108 vaccinated 
cases (≥ 1 dose). The remaining 54 could not be re-tested, as no samples were sent to the laboratory. Of the 54 
re-tested cases, 23 (42.6%) were confirmed and 31 (57.4%) proved false positive. The latter were not eligible to 
participate. Only 4 of 17 VBIs were confirmed; the remaining 13 could not be re-tested.

Discussion
This large case–control study enables novel insights on key TBE vaccination aspects: vaccination barriers, VE, and 
VBI. The high degree of case–control similarity indicates successful matching on potential confounders. The pro-
portion of fully vaccinated controls at 24.1% only slightly exceeds vaccination coverage in Baden-Wuerttemberg 
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Table 1.  Participant characteristics: demographics, TBE vaccination status, and covariates required to 
adjust vaccine effectiveness analysis (see Supplementary Fig. 2). a 558 cases and all controls had interview 
data, used as denominator for solely interview-derived variables (education and parameters from 
rural residence onwards). b English translations: Abitur = general qualification for university entrance; 
Fachabitur = subject-related entrance qualification; Realschulabschluss = intermediate school-leaving certificate; 
Hauptschulabschluss = completion of compulsory basic secondary schooling. c Cases: within 4 weeks before 
onset, controls: during reference time. Analysis used 3 levels for frequency-graded covariates: < 1×/week, 1–3×/
week, ≥ 4×/week.

Demographics

Cases Controls

p-value

n =  581a n = 975

n (%) n (%)

Male 368 (63.3%) 608 (62.4%) 0.699

Age group 2–13 years 53 (9.1%) 60 (6.2%)

0.091Age group 14–65 years 407 (70.1%) 702 (72.0%)

Age group ≥ 65 years 121 (20.8%) 213 (21.9%)

≥ 1 comorbidity (self-reported) 118 (21.2%) 236 (24.2%) 0.172

Highest level of completed secondary educationb (duration in years)

Abitur (12–13 years) 162 (29.0%) 307 (31.5%)

0.049

Fachabitur (12–13 years) 55 (9.9%) 81 (8.3%)

Realschulabschluss (10 years) 142 (25.4%) 300 (30.8%)

Hauptschulabschluss (9 years) 133 (23.8%) 194 (19.9%)

Still in school/none/missing 66 (11.8%) 93 (9.5%)

TBE-vaccination

Unvaccinated 497 (85.5%) 397 (40.7%)
< 0.001

Any TBE vaccination (≥ 1 dose) 78 (13.4%) 578 (59.3%)

Unvaccinated, but received first dose after symptom onset 6 (1.0%) –

Among TBE vaccinated: vaccination card in interview 59 (79.7%) 415 (71.8%) 0.149

TBE-vaccination: interval since last dose

Unvaccinated 497 (86.4%) 397 (40.7%)

< 0.001

≥ 3 doses, on-time 17 (3.0%) 235 (24.1%)

≥ 3 doses, not on-time, ≤ 10 years 12 (2.1%) 106 (10.9%)

≥ 3 doses, not on-time, > 10 years 7 (1.2%) 43 (4.4%)

2 doses, on-time 4 (0.7%) 8 (0.8%)

1–2 doses 33 (5.7%) 116 (11.9%)

≥ 1 dose, additional data missing 5 (0.9%) 70 (7.2%)

TBE-vaccination: vaccine type

≥ 3 doses ENCEPUR 8 (1.4%) 105 (10.8%)

0.411≥ 3 doses FSME-IMMUN 13 (2.3%) 106 (10.9%)

≥ 3 doses, heterologous schedule 7 (1.2%) 101 (10.4%)

TBE-vaccination: timing of primary immunisation

≥ 3doses, standard timing 11 (1.9%) 132 (13.5%)
0.671

≥ 3doses, irregular timing 12 (2.1%) 173 (17.7%)

Covariates required to adjust VE analysis (see Supplementary Fig.2)

Rural residence (< 5000 inhabitants) 268 (48.0%) 413 (42.4%) 0.095

Tick bites: never 103 (18.5%) 300 (30.8%)

< 0.001
Tick bites: last bite > 1 year ago 87 (15.6%) 407 (41.7%)

Tick bites: 1–2 bites in last year 198 (35.5%) 181 (18.6%)

Tick bites: ≥ 3 bites in last year 170 (30.5%) 87 (8.9%)

Gardening ≥ 4 × /weekc 157 (28.1%) 125 (12.8%) < 0.001

Taking walks ≥ 4 × /weekc 328 (58.8%) 458 (47.0%) < 0.001

Other outdoor activity ≥ 4 × /weekc 179 (32.1%) 253 (25.9%) 0.010

Not staying on  pathsc 133 (23.8%) 100 (10.3%) < 0.001
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(18.0%) and Bavaria (22.3%)1, suggesting low risk of pronounced selection bias for TBE-vaccinated, particularly 
health-conscious controls.

Vaccination barriers. Cases and controls were similar regarding vaccination barriers, but also other char-
acteristics, lending strength to these results. Small-scale group differences should not be overinterpreted, as recall 
bias may apply, given the retrospective design. The main barrier, low risk perception, was reported by 50–75%, 
congruent with  Finnish3 and Swedish  reports4. It is true that TBE incidence is low with 0.9–1.9 notifications per 
100,000 inhabitants in Southern Germany in  20211. While some risk factors for severe TBE are  known20, predic-
tion of severity is, however, not possible at the individual level. Risk communication could therefore emphasise 
the 4–9 × higher number of unreported (subclinical) TBE  infections23,24 and the limited possibility of predicting 
who will experience severe disease. Recent research moreover revealed a higher than previously assumed pro-
portion of symptomatic TBE cases with moderate/severe illness, even among  children20.

Fear of adverse events following immunisation was the second key barrier (~ 35%). Given the excellent safety 
of both TBE vaccines licensed in  Germany25, this finding exposes misinformation that could be rectified by 
information campaigns. In keeping with reimbursement of TBE vaccination in Germany, cost was not a concern, 
contrasting a Swedish study, where this worry was similarly frequent as low risk  perception4. The most effective 
way to increase the low TBE vaccination coverage in Germany would be a large-scale vaccination programme 
similar to Austria’s, which led to vaccination coverages above 80%. Until such a programme exists, public health 
efforts aiming to increase vaccine uptake should prioritize informing about TBE risk, potential severity, and 
vaccine safety and effectiveness, especially in high-incidence areas.
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Figure 1.  Vaccination barriers reported by unvaccinated cases (n = 473) and controls (n = 389) living in or 
visiting TBE risk areas. Multiple answers were possible, except on the first 3 items.
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the first 3 doses, age group, and number of doses, (n = 570 TBE cases, 964 controls). The lower section shows a 
sensitivity analysis of the time interval analysis only using exact dates (no imputation, see “Methods”). Estimates 
represent the adjusted total causal effect for each TBE vaccination covariate on the outcome TBE. The minimal 
adjustment set consisted of: matching factors (age, sex, region), dog ownership, tick bites, risk behaviours 
(taking walks, gardening, other outdoor activities, not staying on paths) during 4-week periods of exposure 
time (cases) or reference time (controls), season, and rural residence (Supplementary Fig. 2). For univariable 
estimates and case numbers in each category, see Supplementary Table 1. CI confidence interval, VE vaccine 
effectiveness.

Table 2.  Vaccine effectiveness determined with Farrington’s screening  method9 and input data for cases 
(source: routine TBE surveillance 2012–2020) and vaccination coverage 2019 (source: claims  data21).

Scenario Unvaccinated cases Fully vaccinated cases
Population proportion 
unvaccinated (%)

Population proportion fully 
vaccinated (%) Vaccine effectiveness

Raw routine data 2,529 56 62.04 18.98 92.76

Corrected for misclassification 2,529 82 62.04 18.98 89.42
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Vaccine effectiveness. VE for ≥ 3 doses with the last dose on-time was 96.6%. When using the Screening 
method, VE was slightly lower (89.4–92.8%). The similarity with both methods indicates that confounding may 
not be a major threat to validity in TBE VE. Thus, the Screening method is suitable for monitoring TBE VE. Our 
VE results compare well to previous estimations: 99% VE for ≥ 3 doses in  Austria5, 95.4% ≥ 4 doses in Southern 
 Germany8 and 98.9% for ≥ 3 doses in  Latvia8.

Dose schedule adherence is low in  Germany26, reflected here by 15.3% of controls with ≥ 3 doses but missed 
boosters, compared to 24.1% of controls with ≥ 3 doses plus boosters. VE at “≥ 3 doses, not on-time, last 
dose ≤ 10 years ago” remained high at 91.2%. When the last dose was > 5–10 years ago, VE was still 82.4%. The 
overall ≥ 3 dose-VE including both on-time and last dose ≤ 10 years was 95.2% and stable across age groups. VE 
dropped to 88.6% for last dose > 10 years. Finding that VE at ≥ 3 doses persists for ≤ 10 years or longer agrees with 
seropersistence studies, finding mostly high seropositivity rates at ≥ 4 doses after 10  years27,28. Lasting immunity 
may also relate to rapid secondary antibody  response27. Our results support the extension of booster intervals to 
10 years also in Germany, as under discussion  elsewhere27 and already implemented in Switzerland and Finland, 
without observed increases in  VBIs29.

VE for two on-time doses (up to 1  year, Refs.30,31) at 82.9% was lower than previously reported at 
97.2–98.7%5,8,32. This result is limited by low statistical power: we included four “2-doses-on-time” cases; other 
studies similarly contained 2 or 11 such  cases8,32. Other explanations for our lower estimate could be lacking 
confounder adjustment in previous studies or varying proportions of false positive vaccinated cases.

VE at ≥ 3 doses was similar for homologous vaccination or heterologous vaccination. This reinforces that 
vaccines can be used interchangeably if  necessary33. Irregularly timed primary immunisation did not adversely 
affect VE. Irregular timing was common, and underlines the relevance of population-based VE research with 
imperfect real-life conditions, allowing transfer of insights to practice.

Vaccine breakthrough infections. As VBIs (2.9% of cases) did not cluster spatially, VBIs in Germany 
are unlikely to be caused by local virus variants that escape vaccine-induced immunity. Acute severity in incom-
pletely vaccinated cases was the same as in unvaccinated cases, even at < 30 days since the last dose, providing 
no indications of  ADE17. Finding higher severity and symptom persistence in VBI cases than unvaccinated cases 

Table 3.  Characteristics and acute TBE manifestations in previously unvaccinated TBE cases, cases with 
vaccination breakthrough infections, and cases with incomplete TBE vaccination at 1–2 doses. Significant 
values are in bold. a Of these, 478 unvaccinated cases, 15 VBI cases, and 35 cases with 1–2 doses had interview 
data. These denominators were used to calculate proportions within purely interview-derived variables 
(RANKIN score). b From medical data sources and self-reported, for details see Ref.20. c As defined in Ref.20.

Age group

Unvaccinated cases VBI cases Cases with 1–2 doses p-value p-value

n =  497a n =  17a n =  37a

VBI vs. unvaccinated
1–2 doses vs. 
unvaccinatedn (%) n (%) n (%)

2–13 years 48 (9.7%) 1 (5.9%) 3 (8.1%)

0.037 0.05814–64 years 345 (69.4%) 8 (47.1%) 32 (86.5%)

 ≥ 65 years 104 (20.9%) 8 (47.1%) 2 (5.4%)

Demographics

Male 314 (63.2%) 9 (52.9%) 23 (62.2%) 0.390 0.902

≥ 1  comorbidityb 193 (38.8%) 12 (70.6%) 17 (45.9%) 0.009 0.393

Immunosuppression in 
exposure time 13 (2.6%) 1 (5.9%) 0 (0.0%) 0.128 0.500

Acute TBE severityc

Mild 102 (20.5%) 0 (0.0%) 9 (24.3%)

< 0.001 0.255Moderate 306 (61.6%) 6 (35.3%) 18 (48.6%)

Severe 89 (17.9%) 11 (64.7%) 10 (27.0%)

Clinical characteristics

Biphasic course 197 (39.6%) 10 (58.8%) 21 (56.8%) < 0.001 < 0.001

Hospitalised 443 (89.1%) 17 (100.0%) 33 (89.2%) 0.151 0.992

Median hospital stay 
(days, range) 10 (1–84) 14 (6–90) 10.5 (2–40) – –

ICU admission 54 (10.9%) 8 (47.1%) 6 (16.2%) < 0.001 0.320

RANKIN score22 and interval between symptom onset and measuring RANKIN

Median interval (days, 
interquartile range) 93 (66–144) 96 (66–198) 100 (76–177) – –

0: No symptoms 243 (50.8%) 3 (20.0%) 15 (42.9%)

< 0.001 0.629
1: No significant dis-
ability 145 (30.3%) 1 (6.7%) 13 (37.1%)

≥ 2: Slight disability, or 
worse 90 (18.8%) 10 (66.7%) 7 (20.0%)
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may partly be explained by VBIs’ higher age and comorbidity prevalence, which are known severity  predictors20. 
Importantly, diagnostics in TBE-vaccinated cases are often  unreliable18, as 57% of re-tested  cases19 proved false 
positive. As only 4 of our 17 VBIs were validated, several of the remaining 13 cases classified as VBIs might 
have been false positive. The literature is conflicting concerning severity in (partly) vaccinated  cases11. There are 
smaller reports of more severe  TBE12, as well as of comparable clinical severity in VBIs, and of stronger cellular 
immune responses in  VBIs13, compared to unvaccinated cases. Larger reports on 54 Austrian and 100 German 
VBIs reported no evidence of higher severity in  VBIs10,14. A recent Austrian study including 206 VBIs reported 
higher severity in  VBIs15, however the article does not mention diagnostic validation of VBI cases, hence false 
positive cases might be included in the sample. Further research on diagnostically validated VBIs is necessary.

Limitations and strengths. Limitations first include that most data were self-reported. We achieved high 
quality on crucial TBE vaccination variables, as most participants used vaccination cards. Recall bias may, how-
ever, have affected retrospectively assessed covariates such as risk behaviour. Secondly, the VE analysis depends 
on the underlying causal structure. We carefully developed our DAG with expert input to achieve the—to our 
knowledge—highest validity and report the full DAG and adjustment sets for maximum transparency. Third, 
only half the vaccinated cases were diagnostically validated. The high false positive rate of 57% among notified 
vaccinated cases suggests that some of the unvalidated vaccinated cases may have been falsely positive. Such mis-
classification would have caused a conservative error to VE estimates, hence the true VE might be slightly higher.

Strengths are firstly our uniquely detailed dataset and large sample, allowing for comprehensive VE analysis 
even in smaller strata of, for instance, heterologous vaccination series. Second, we determined VE with two 
methodologically different approaches producing overall similar, robust results. The VE estimate determined 
with the case–control approach is deemed more reliable due to comprehensive confounder adjustment. Third, 
calculating VE for Germany with a vaccination coverage within range of most European countries suggests 
results are transferable internationally.

Conclusion
Our study confirmed very high VE of TBE vaccines at ≥ 3 doses that only decreased slightly when recommended 
booster intervals were surpassed. VE was lower after only two doses or if the last dose was > 10 years ago. We 
identified a lack of perceived infection risk and fear of adverse events as main vaccination barriers. Three percent 
of cases had suspected VBIs; however, most of these were not diagnostically validated. Our results can guide 
improvement of public health TBE prevention by addressing TBE-specific vaccination barriers and by informing 
physicians and populations in risk areas about the high effectiveness and safety of TBE vaccination.

Methods
Study population and data collection. Routinely notified TBE cases from Bavaria or Baden-Wuerttem-
berg from 2018 to 2020 meeting the German case  definition34 were eligible. Local health authorities supported 
study invitations; cases provided written informed consent. USUMA GmbH recruited German-speaking con-
trols, who had never been diagnosed with TBE and provided verbal informed consent, from a representative tel-
ephonic sample. Controls were frequency-matched to cases on age (± 5 years), sex, and 16 geographical regions.

USUMA GmbH conducted standardised 30-min telephone interviews, covering demographics, comorbidities, 
vaccination barriers, and TBE vaccination (dose number, date and vaccine type for each dose). Participants were 
asked to have their vaccination card at hand during interviews. If they did not, call-backs for precise vaccination 
data were offered. Interviews also covered risk factors for TBE infection as well as TBE symptoms and health 
service utilisation (cases only); for results see Refs.20,35. Twenty-three cases were not interviewed; thus, vaccination 
data originated from hospital discharge summaries and questionnaires completed by cases’ general practitioners. 
Details on comorbidities and immunosuppression (see Table 3) also derive from these medical sources.

Vaccination data reported in routine surveillance were compared to the information provided in study 
interviews.

Definitions of vaccination status. Time interval since last dose. This main definition considered dose 
number and time interval between last dose and symptom onset (cases) or date of data collection (controls). 
“On-time” vaccination of last dose was defined according to manufacturer’s  instructions30,31, (Supplementary 
Fig. 1). As 2 doses are reported to provide protection for up to 1  year30,31, 2 doses received 3 weeks to 1 year prior 
to onset (cases) or data collection (controls) were defined as “2 doses, on-time”. Vaccination dates were partially 
missing for 6 cases and 72 controls (11.9% of vaccinated participants). Conservative imputation assumed the 
28th day of the month; or December 31st where only the year was reported. Sensitivity analysis included only 
exact dates (Fig. 2).

Vaccine type. Homologous vaccination series (≥ 3 doses) with ENCEPUR or FSME-IMMUN was compared 
with heterologous series, regardless of time intervals. Participants reporting ≥ 1 dose of another vaccine were 
excluded from vaccine type analysis (n = 17, see Supplementary Table 1).

Timing of primary immunization. Manufacturer-recommended timing of the first 3 doses (“primary immuni-
sation”) was compared with irregular timing of the first 3 doses, irrespective of vaccine type and time interval. 
Only participants providing exact dates were used (no imputation). Regular and fast-track  immunization30,31 
were considered with 14-day tolerance margins.
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Data analysis. We report percentages, medians, and means and tested differences with Chi-square tests. 
P-values < 0.05 were considered statistically significant. Data were analysed in Stata  17®.

VE based on the case–control approach. Participants not living or spending time in risk areas were excluded (5 
cases, 11 controls). Six cases who received their first dose after onset were excluded (see Supplementary Fig. 1). 
Directed acyclic graphs (DAGs) were constructed in  Dagitty36 to explore the underlying causal structure and 
identify minimal adjustment sets for estimating the total causal effect for vaccination on TBE (Supplementary 
Fig. 2). We calculated adjusted odds ratios with 95% confidence intervals (CI) using multivariable logistic regres-
sion. VE was (1 − odds ratio) × 100%, with corresponding 95% CI. For univariable estimates, see Supplementary 
Table 1.

VE based on the screening method. We applied the formula (as in Ref.5):

where  Ov and  Ou are observed numbers of vaccinated (v) and unvaccinated (u) cases in the population, and  Pv 
and  Pu are the population proportions of unvaccinated and vaccinated.

Pv for ≥ 3 doses on-time, all ages, was derived from routine data for  201921, i.e. 18.98% in the TBE risk areas 
of the study area. The remaining 81.02% of the population were not differentiated into unvaccinated and incom-
pletely vaccinated, hence based on study data (see Table 1) we assumed that the proportion of incompletely 
vaccinated persons equalled that of fully vaccinated persons.  Pu was therefore 81.02–18.98% = 62.04%.

Ov and  Ou were derived from routine TBE surveillance data 2012–2021, when vaccination coverage in the 
study area was  similar1,37 to coverage in 2019. Only cases from districts classified as risk areas in 2019 were 
considered, to ensure the same source population as for  Pv and  Pu. Fully vaccinated cases were defined as “≥ 3 
doses on-time” based on last dose, as described above. A sensitivity analysis assumed 32% misclassification of 
vaccinated cases as unvaccinated, as observed for cases in routine data (see below).

Vaccination barriers. Persons who did not live in or visit risk areas in the past 10 years (5 cases, 11 controls) and 
cases without interview data (n = 23) were excluded from this sub-analysis. To assess barriers, we developed an 
11-item tool covering key dimensions of vaccination hesitancy—complacency, confidence, and convenience—
based on the 3C  model38. Participants indicated their degree of (dis)agreement to statements such as “You were 
afraid of adverse events” on a 4-point Likert scale and could name additional reasons.

Vaccination breakthrough infections. VBI was defined as TBE infection despite complete (≥ 3 doses), on-time 
vaccination. We compared TBE manifestations in unvaccinated cases, VBIs, and incompletely vaccinated cases 
(1–2 doses). Spatial clustering was assessed by mapping cases according to notification district and VBI status 
(Supplementary Fig. 3). Temporal clustering was visually assessed with histograms of onset dates, split by VBI 
status.

Ethics approval. This study was performed in line with the principles of the Declaration of Helsinki. The 
study was approved by the Ethics Committee of Charité—Universitätsmedizin Berlin, No. EA2/059/18.

Data availability
The data presented in this study are available on reasonable request from the corresponding author. The data are 
not publicly available due to ethical and data privacy protection obligations.

Received: 11 May 2022; Accepted: 23 June 2022

References
 1. Robert-Koch-Institut. FSME: Risikogebiete in Deutschland (Stand: Januar 2022). Epidemiol. Bull. https:// doi. org/ 10. 25646/ 9750 

(2022).
 2. Zent, O. & Bröker, M. Tick-borne encephalitis vaccines: Past and present. Expert. Rev. Vaccines 4, 747–755. https:// doi. org/ 10. 

1586/ 14760 584.4. 5. 747 (2005).
 3. Zöldi, V., Turunen, T., Lyytikäinen, O. & Sane, J. Knowledge, attitudes, and practices regarding ticks and tick-borne diseases, 

Finland. Ticks Tick Borne Dis. 8, 872–877. https:// doi. org/ 10. 1016/j. ttbdis. 2017. 07. 004 (2017).
 4. Askling, H. H., Insulander, M., Hergens, M.-P. & Leval, A. Tick borne encephalitis (TBE)-vaccination coverage and analysis of 

variables associated with vaccination, Sweden. Vaccine 33, 4962–4968. https:// doi. org/ 10. 1016/j. vacci ne. 2015. 07. 030 (2015).
 5. Heinz, F. X., Holzmann, H., Essl, A. & Kundi, M. Field effectiveness of vaccination against tick-borne encephalitis. Vaccine 25, 

7559–7567. https:// doi. org/ 10. 1016/j. vacci ne. 2007. 08. 024 (2007).
 6. Erber, W. & Schmitt, H. J. Self-reported tick-borne encephalitis (TBE) vaccination coverage in Europe: Results from a cross-

sectional study. Ticks Tick Borne Dis. 9, 768–777. https:// doi. org/ 10. 1016/j. ttbdis. 2018. 02. 007 (2018).
 7. Verani, J. R. et al. Case-control vaccine effectiveness studies: Preparation, design, and enrollment of cases and controls. Vaccine 

35, 3295–3302. https:// doi. org/ 10. 1016/j. vacci ne. 2017. 04. 037 (2017).
 8. Erber, W. et al. Effectiveness of TBE vaccination in southern Germany and Latvia. Vaccine 40, 819–825. https:// doi. org/ 10. 1016/j. 

vacci ne. 2021. 12. 028 (2022).
 9. Farrington, C. P. Estimation of vaccine effectiveness using the screening method. Int. J. Epidemiol. 22, 742–746. https:// doi. org/ 

10. 1093/ ije/ 22.4. 742 (1993).

VE(%) = 100×

(

1−
Ov

Ou

×

Pu

Pv

)

,

https://doi.org/10.25646/9750
https://doi.org/10.1586/14760584.4.5.747
https://doi.org/10.1586/14760584.4.5.747
https://doi.org/10.1016/j.ttbdis.2017.07.004
https://doi.org/10.1016/j.vaccine.2015.07.030
https://doi.org/10.1016/j.vaccine.2007.08.024
https://doi.org/10.1016/j.ttbdis.2018.02.007
https://doi.org/10.1016/j.vaccine.2017.04.037
https://doi.org/10.1016/j.vaccine.2021.12.028
https://doi.org/10.1016/j.vaccine.2021.12.028
https://doi.org/10.1093/ije/22.4.742
https://doi.org/10.1093/ije/22.4.742


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11706  | https://doi.org/10.1038/s41598-022-15447-5

www.nature.com/scientificreports/

 10. Dobler, G. et al. Tick-borne encephalitis virus vaccination breakthrough infections in Germany: A retrospective analysis from 
2001 to 2018. Clin. Microbiol. Infect. 26(1090), e1097-1090.e1013. https:// doi. org/ 10. 1016/j. cmi. 2019. 12. 001 (2020).

 11. Bogovič, P. & Strle, F. Tick-borne encephalitis: A review of epidemiology, clinical characteristics, and management. World J. Clin. 
Cases 3, 430–441. https:// doi. org/ 10. 12998/ wjcc. v3. i5. 430 (2015).

 12. Lotric-Furlan, S. et al. Tick-borne encephalitis in patients vaccinated against this disease. J. Intern. Med. 282, 142–155. https:// doi. 
org/ 10. 1111/ joim. 12625 (2017).

 13. Lenhard, T. et al. Clinical outcome and cerebrospinal fluid profiles in patients with tick-borne encephalitis and prior vaccination 
history. Ticks Tick Borne Dis. 9, 882–888. https:// doi. org/ 10. 1016/j. ttbdis. 2018. 02. 021 (2018).

 14. Kunz, C. TBE vaccination and the Austrian experience. Vaccine 21, S50–S55. https:// doi. org/ 10. 1016/ s0264- 410x(02) 00813-7 
(2003).

 15. Santonja, I. et al. Tick-borne encephalitis in vaccinated patients: A retrospective case-control study and analysis of vaccination 
field effectiveness in Austria from 2000 to 2018. J. Infect. Dis. https:// doi. org/ 10. 1093/ infdis/ jiac0 75 (2022).

 16. Pierson, T. C. & Diamond, M. S. Molecular mechanisms of antibody-mediated neutralisation of flavivirus infection. Expert Rev. 
Mol. Med. 10, e12. https:// doi. org/ 10. 1017/ s1462 39940 80006 65 (2008).

 17. Kubinski, M. et al. Tick-borne encephalitis virus: A quest for better vaccines against a virus on the rise. Vaccines (Basel) 8, 451. 
https:// doi. org/ 10. 3390/ vacci nes80 30451 (2020).

 18. Robert Koch-Institut. Ergebnisse der bayerischen FSME-Studie 2007: Hohe diagnostische Sicherheit bei gemeldeten Fällen, aber 
zusätzliche Untersuchungen notwendig bei Patienten mit früherer FSME-Impfung. Epidemiol. Bull. 17, 142–145 (2011).

 19. Girl, P. et al. Tick-borne encephalitis virus nonstructural protein 1 IgG enzyme-linked immunosorbent assay for differentiating 
infection versus vaccination antibody responses. J. Clin. Microbiol. 58, e01783-e11719. https:// doi. org/ 10. 1128/ jcm. 01783- 19 (2020).

 20. Nygren, T. M. et al. Tick-borne encephalitis: Acute clinical manifestations, severity, and quality of life in 581 cases from Germany, 
2018–2020. (2022) (manuscript submitted for publication).

 21. Rieck, T. S. A., Schmid-Küpke, N., Feig, M., Wichmann, O. & Siedler, A. Impfquoten bei Erwachsenen in Deutschland—Aktuelles 
aus der KV-Impfsurveillance und der Onlinebefragung von Krankenhauspersonal OKaPII. Epidemiol. Bull 47, 3–26. https:// doi. 
org/ 10. 25646/ 7658 (2020).

 22. Bruno, A. et al. Simplified modified rankin scale questionnaire: Reproducibility over the telephone and validation with quality of 
life. Stroke 42, 2276–2279. https:// doi. org/ 10. 1161/ strok eaha. 111. 613273 (2011).

 23. Gritsun, T. S., Lashkevich, V. A. & Gould, E. A. Tick-borne encephalitis. Antiviral Res. 57, 129–146. https:// doi. org/ 10. 1016/ s0166- 
3542(02) 00206-1 (2003).

 24. Gustafson, R., Svenungsson, B., Forsgren, M., Gardulf, A. & Granström, M. Two-year survey of the incidence of lyme borreliosis 
and Tick-borne encephalitis in a high-risk population in Sweden. Eur. J. Clin. Microbiol. Infect. Dis. 11, 894–900 (1992).

 25. Rampa, J. E. et al. Immunogenicity and safety of the tick-borne encephalitis vaccination (2009–2019): A systematic review. Travel 
Med. Infect. Dis. 37, 101876. https:// doi. org/ 10. 1016/j. tmaid. 2020. 101876 (2020).

 26. Schley, K. et al. Vaccination rate and adherence of tick-borne encephalitis vaccination in Germany. Vaccine 39, 830–838. https:// 
doi. org/ 10. 1016/j. vacci ne. 2020. 12. 047 (2021).

 27. Steffen, R., Erber, W. & Schmitt, H. J. Can the booster interval for the tick-borne encephalitis (TBE) vaccine “FSME-IMMUN” be 
prolonged?—A systematic review. Ticks Tick Borne Dis. 12, 101779. https:// doi. org/ 10. 1016/j. ttbdis. 2021. 101779 (2021).

 28. Beran, J., Lattanzi, M., Xie, F., Moraschini, L. & Galgani, I. Second five-year follow-up after a booster vaccination against tick-borne 
encephalitis following different primary vaccination schedules demonstrates at least 10 years antibody persistence. Vaccine 37, 
4623–4629. https:// doi. org/ 10. 1016/j. vacci ne. 2017. 12. 081 (2019).

 29. Schmidt, A. J., Altpeter, E., Graf, S. & Steffen, R. Tick-borne encephalitis (TBE) in Switzerland: Does the prolongation of vaccine 
booster intervals result in an increased risk of breakthroughs?. J. Travel Med. 29, 1–6. https:// doi. org/ 10. 1093/ jtm/ taab1 58 (2021).

 30. Pfizer. Summary of product characteristics—FSME-IMMUN.
 31. Bavarian Nordic. Fachinformation ENCEPUR Erwachsene [Product characteristics ENCEPUR Adults]. (2020).
 32. Pugh, S. J. et al. Effectiveness of two doses of tick-borne encephalitis (TBE) vaccine. J. Travel Med. 29, 1–3. https:// doi. org/ 10. 1093/ 

jtm/ taab1 93 (2022).
 33. Bröker, M. & Schöndorf, I. Are tick-borne encephalitis vaccines interchangeable?. Expert. Rev. Vaccines 5, 461–466. https:// doi. 

org/ 10. 1586/ 14760 584.5. 4. 461 (2006).
 34. Robert Koch-Institut. Falldefinitionen des Robert Koch-Instituts zur Übermittlung von Erkrankungs-oder Todesfällen und Nach-

weisen von Krankheitserregern [Case Definitions of the Robert Koch Institute for Reporting Communicable Diseases]. (Robert 
Koch-Institut, Berlin, Germany, 2019).

 35. Nygren, T. M. et al. Tick-borne encephalitis risk increases with dog ownership, frequent walks, and gardening: A case-control 
study in Germany 2018–2020. Microorganisms 10, 690. https:// doi. org/ 10. 3390/ micro organ isms1 00406 90 (2022).

 36. Textor, J., van der Zander, B., Gilthorpe, M. S., Liskiewicz, M. & Ellison, G. T. Robust causal inference using directed acyclic graphs: 
The R package “dagitty”. Int. J. Epidemiol. 45, 1887–1894. https:// doi. org/ 10. 1093/ ije/ dyw341 (2016).

 37. Robert-Koch-Institut. FSME: Risikogebiete in Deutschland (Stand: Januar 2021). Epidemiol. Bull. https:// doi. org/ 10. 25646/ 8079 
(2021).

 38. MacDonald, N. E. Vaccine hesitancy: Definition, scope and determinants. Vaccine 33, 4161–4164. https:// doi. org/ 10. 1016/j. vacci 
ne. 2015. 04. 036 (2015).

Acknowledgements
We are grateful to the district health authorities of Baden-Wuerttemberg and Bavaria for supporting us with 
patient recruitment. Special thanks to all students at Robert Koch-Institute (RKI) who performed study doc-
umentation, telephonic reminders, and data entry: Pola Westendorf, Anton Hennig, Doreen Krause, Rocio 
Berdaguer-Tarodo, Rukmane Shabani, Simone-Beatrice Went, Dominik Sell, and Marin Stapic. We are grateful 
to Anja Müller (RKI), Ulrike Riedel, Dr. Jürgen Schunter and colleagues from USUMA GmbH for conducting 
control recruitment and study interviews. Thanks to Dr. Thorsten Rieck (RKI) for providing TBE vaccine cover-
age data for the study area and to Dr. Annika Steffen (RKI) for methodological input on the Screening method. 
A special thanks goes to all patients and controls for their support of the study.

Author contributions
Conceptualization: W.H., T.M.N., M.M.B., C.W.W.; methodology: W.H., T.M.N.; formal analysis and investiga-
tion: T.M.N.; writing—original draft preparation: T.M.N.; writing—review and editing: all authors; funding 
acquisition: W.H., O.W.; supervision: W.H., T.H., O.W.

https://doi.org/10.1016/j.cmi.2019.12.001
https://doi.org/10.12998/wjcc.v3.i5.430
https://doi.org/10.1111/joim.12625
https://doi.org/10.1111/joim.12625
https://doi.org/10.1016/j.ttbdis.2018.02.021
https://doi.org/10.1016/s0264-410x(02)00813-7
https://doi.org/10.1093/infdis/jiac075
https://doi.org/10.1017/s1462399408000665
https://doi.org/10.3390/vaccines8030451
https://doi.org/10.1128/jcm.01783-19
https://doi.org/10.25646/7658
https://doi.org/10.25646/7658
https://doi.org/10.1161/strokeaha.111.613273
https://doi.org/10.1016/s0166-3542(02)00206-1
https://doi.org/10.1016/s0166-3542(02)00206-1
https://doi.org/10.1016/j.tmaid.2020.101876
https://doi.org/10.1016/j.vaccine.2020.12.047
https://doi.org/10.1016/j.vaccine.2020.12.047
https://doi.org/10.1016/j.ttbdis.2021.101779
https://doi.org/10.1016/j.vaccine.2017.12.081
https://doi.org/10.1093/jtm/taab158
https://doi.org/10.1093/jtm/taab193
https://doi.org/10.1093/jtm/taab193
https://doi.org/10.1586/14760584.5.4.461
https://doi.org/10.1586/14760584.5.4.461
https://doi.org/10.3390/microorganisms10040690
https://doi.org/10.1093/ije/dyw341
https://doi.org/10.25646/8079
https://doi.org/10.1016/j.vaccine.2015.04.036
https://doi.org/10.1016/j.vaccine.2015.04.036


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11706  | https://doi.org/10.1038/s41598-022-15447-5

www.nature.com/scientificreports/

Funding
Open Access funding enabled and organized by Projekt DEAL. This research was funded by the German Fed-
eral Ministry of Education and Research as part of the TBENAGER consortium, grant number 01KI2010B, and 
internal funds of the Robert Koch Institute.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 15447-5.

Correspondence and requests for materials should be addressed to T.M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-15447-5
https://doi.org/10.1038/s41598-022-15447-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tick-borne encephalitis vaccine effectiveness and barriers to vaccination in Germany
	Results
	Participant characteristics. 
	Vaccination barriers. 
	VE based on the case–control approach. 
	VE based on the screening method. 
	Vaccination breakthrough infections. 
	Diagnostic validation of vaccinated cases. 

	Discussion
	Vaccination barriers. 
	Vaccine effectiveness. 
	Vaccine breakthrough infections. 
	Limitations and strengths. 

	Conclusion
	Methods
	Study population and data collection. 
	Definitions of vaccination status. 
	Time interval since last dose. 
	Vaccine type. 
	Timing of primary immunization. 

	Data analysis. 
	VE based on the case–control approach. 
	VE based on the screening method. 
	Vaccination barriers. 
	Vaccination breakthrough infections. 

	Ethics approval. 

	References
	Acknowledgements


