

[image: image1]
Concept of an Active Surveillance System for Q Fever in German Small Ruminants—Conflicts Between Best Practices and Feasibility












	
	ORIGINAL RESEARCH
published: 10 February 2021
doi: 10.3389/fvets.2021.623786






[image: image2]

Concept of an Active Surveillance System for Q Fever in German Small Ruminants—Conflicts Between Best Practices and Feasibility

Fenja Winter1*, Clara Schoneberg1, Annika Wolf2, Benjamin U. Bauer2, T. Louise Prüfer3, Silke F. Fischer4, Ursula Gerdes5, Martin Runge3, Martin Ganter2 and Amely Campe1


1Department of Biometry, Epidemiology and Information Processing, WHO Collaborating Centre for Research and Training for Health at the Human-Animal-Environment Interface, University of Veterinary Medicine Hannover Foundation, Hanover, Germany

2Clinic for Swine, Small Ruminants and Forensic Medicine, University of Veterinary Medicine Hannover Foundation, Hanover, Germany

3Lower Saxony State Office for Consumer Protection and Food Safety – Food and Veterinary Institute Braunschweig/Hannover, Hanover, Germany

4National Consulting Laboratory for Coxiella burnetii, State Health Office Baden-Württemberg, Stuttgart, Germany

5Animal Disease Fund of Lower Saxony, Public Law Institution, Hanover, Germany

Edited by:
Satoshi Sekiguchi, University of Miyazaki, Japan

Reviewed by:
David González-Barrio, Complutense University of Madrid, Spain
 Monika Szymańska-Czerwińska, National Veterinary Research Institute (NVRI), Poland

*Correspondence: Fenja Winter, fenja.winter@tiho-hannover.de

Specialty section: This article was submitted to Veterinary Epidemiology and Economics, a section of the journal Frontiers in Veterinary Science

Received: 30 October 2020
 Accepted: 04 January 2021
 Published: 10 February 2021

Citation: Winter F, Schoneberg C, Wolf A, Bauer BU, Prüfer TL, Fischer SF, Gerdes U, Runge M, Ganter M and Campe A (2021) Concept of an Active Surveillance System for Q Fever in German Small Ruminants—Conflicts Between Best Practices and Feasibility. Front. Vet. Sci. 8:623786. doi: 10.3389/fvets.2021.623786



Q fever is a zoonotic disease caused by the bacterium Coxiella burnetii. Inhalation of contaminated dust particles or aerosols originating from animals (esp. small ruminants) is the main source of human infection. Hence, an active early warning system for Q fever in German small ruminant livestock was conceptualized to prevent human infections. First, we describe the best practice for establishing this system before evaluating its feasibility, as the combination of both evokes conflicts. Vaginal swabs from all husbandry systems with a focus on reproductive females should pooled and investigated by PCR to detect C. burnetii-shedding animals. Multistage risk-based sampling shall be carried out at the flock level and within-flock level. At the flock level, all flocks that are at risk to transmit the pathogen to the public must be sampled. At the within-flock level, all primi- and multiparous females after lambing must be tested in order to increase the probability of identifying a positive herd. Sampling should be performed during the main lambing period and before migration in residential areas. Furthermore, individual animals should be tested before migration or exhibition to ensure a negative status. If a flock tests positive in at least one individual sample, then flock-specific preventive measures should be implemented. This approach implies huge financial costs (sample testing, action/control measures). Hence, taking the step to develop more feasible and affordable preventive measures, e.g., vaccinating small ruminant flocks, should replace testing wherever justifiable.
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INTRODUCTION


Infectious Agent

Coxiella burnetii is a small, obligate intracellular, pleomorphic Gram-negative bacterium. Because of its high tenacity, C. burnetii can be infectious in raw milk for 90–273 days at 4–6°C as well as in raw milk products like butter and soft cheese for 42 days at 20°C. In dust and wool, it can be infectious over 7–24 months depending on the surrounding temperature. C. burnetii evokes a zoonotic and mainly airborne disease called Q fever (1, 2).



Affected Species

Humans become infected by inhalation of dust particles or aerosols contaminated with only a few C. burnetii organisms (3, 4). Human infections through consumption of raw milk or raw milk products like butter or soft cheese is possible but rare. There is no transmission from man to man except some rare exceptions, e.g., by blood transfusion or during childbirth (5). Infections with C. burnetii remain subclinical in nearly 50% of patients. However, unspecific flu-like symptoms, hepatitis, or atypical pneumonia are possible consequences of acute Q fever, which may led to hospitalization (6, 7). In addition, approximately 20% of the patients are at risk of developing chronic fatigue after an infection (Q fever fatigue syndrome, QFS) (8). In <1% of the infected patients, chronic Q fever manifests in the form of endocarditis or hepatitis with a high mortality rate. Furthermore, Q fever is a risk for pregnancy (6, 7).

In animals, many species such as wild or domestic mammals and ticks can be infected by C. burnetii and spread this pathogen into the environment (6, 7, 9, 10). In Germany, infected (small) ruminants kept as livestock are the main source of pathogen transmission to humans (1, 11, 12). (Small) ruminants are infected by inhalation of C. burnetii, while other transmission routes (e.g., sexual, intrauterine, oral, infestation with ticks) are still being studied (7, 13–16). Therefore, pathogen transmission may take place through reservoir animals, which may be part of a flock or external (e.g., wild mammals but also dogs, cats other ruminant species, or ticks). These reservoir species may have some importance in maintaining C. burnetii in livestock as the most important factors here are contamination of the environment by their excretes as well as direct contact with livestock on the pasture. Pathogen transmission from wildlife to humans is rarely documented but is possible and should be considered when the source of infection cannot be identified (6, 7, 10, 11, 15). Concentrating on livestock, C. burnetii-infected sheep excrete the bacterium mainly in high concentrations in amniotic fluid, placenta and lochia during physiological birth or abortion. Moreover, excretion in milk, feces, urine, or semen is possible (1, 13, 17, 18). Goats and cattle also excrete the pathogen at the highest concentrations in birth products or with abortion, although the excretion period is longest in milk (17, 19–22). Q fever in sheep is mostly asymptomatic with an abortion rate of approximately 5–20% (23). In contrast, Q fever in goats is connected to abortion in most cases (17, 18, 22). However, abortion in small ruminants can have several causes and is not pathognomonic for an infection with C. burnetii. The impact of C. burnetii on reproductive disorders in cattle is still under discussion (17, 19, 20).



Pattern of Disease Occurrence

Q fever in humans and animals can be found worldwide except New Zealand and Antarctica. In Europe, an increasing trend was observed between 2012 and 2016, while from 2017 the number of confirmed Q fever cases decreased again. In 2018, 29 EU/EEA countries reported 794 confirmed Q fever cases. The three countries with the most confirmed cases in 2018 were Spain, France and Germany (24). In Germany, outbreaks of Q fever in the human population occur regularly, without nationwide spread, but often in connection with infected small ruminants. The distribution of Q fever was previously described (25–27).

In summary, the number of notified human Q fever cases in Germany has increased over the years and peaked during outbreaks since reporting obligations were regulated in 1962 (25–27). Between 2005 and 2018, the notified cases ranged between 416 and 93 each year as mentioned by the German Robert Koch Institute (RKI), without any detectable trend (24, 28). Due to the concept of passive monitoring, the number of notified cases depends on awareness by the relevant stakeholder groups and may exceed average numbers by far in the case of larger outbreaks as seen in 2003, 2005, 2008, 2010, or 2014, for example (11, 24, 25). In Germany, sporadic cases are reported nationwide, but outbreaks in the human population are reported more frequently in southern federal states and can often be linked to Q fever in small ruminants (11, 25, 26).

In comparison, the average number of notified cases in German (small) ruminant flocks fluctuated between 1970 and 2000 (26). Between 2000 and 2018, a total of 9,920 official individual cases were reported (8,359 cattle; 1,349 sheep; 212 goats) (25). Most of the notified animals were cattle, which can not only be explained by the total numbers of animals, but by the legal requirements for routine diagnostics and the different disease progression in cattle, resulting in more frequent testing of this species instead of small ruminants (26). Again, awareness of the disease is important, as illustrated by the increase of notified cases in cattle, sheep, and goats followed by outbreaks in the human population in Bad Sassendorf/Soest in 2003 and in Jena in 2005 (25, 26, 29).

Supplementary to the official reported cases, only a few surveys were conducted in the past (25). For example, the German within-flock seroprevalence was estimated at 19.3% in cattle, 8.7% in sheep, and 2.5% in goats (11). Moreover, Wolf and colleagues estimated the serological flock prevalence for small ruminants in Germany between 26 and 36.6% [n = 71; 14]. In comparison, in a non-representative German study, 7.8% of cattle (n = 21,191), 1.3% of sheep (n = 1,346), and 2.5% of goats (n = 278) tested positive for C. burnetii by PCR (30). Wolf et al. (14) detected that 13.9% of tested sheep and goat flocks (n = 71) were positive by PCR. Other studies mainly aimed at sheep farming within German federal states. Therefore, their study results vary widely due to their study design and locations (25). However, it can be concluded that detection of C. burnetii antibodies and the pathogen itself differs between animal species, geographic areas, and time of sampling (25).



Zoonotic Potential

Humans are at highest risk of inhaling C. burnetii through distant and close contact with animals, especially small ruminants (1, 11, 12, 31). Distant contact may occur through geographical proximity to small ruminant flocks as well as by visits to farmers markets where small ruminants are exhibited (11, 29, 31). As Q fever is an airborne disease, the pathogen can be spread over longer distances by wind and may pose a risk for human infection (11, 31). Therefore, the greatest risk of infection is within a radius of 2–4 km from the source of the pathogen. Moreover, in gale force winds, C. burnetii may reach distances up to 18 km (31). Migration of small ruminants through residential areas was identified as a potential risk factor (32). Therefore, it may be a challenge to identify the infection source in human cases that did not have any obvious or known contact with sheep or goats. A higher risk of transmission from small ruminants to humans can be observed in spring/early summer due to the out-of-season lambing of some sheep breeds on pasture (11, 31, 33). Furthermore, close contact with contaminated products such as afterbirth or contaminated wool during sheep shearing may also be sources for human infections that can occur sporadically, e.g., animal owners, their family members, or employees (33, 34). Moreover, employees of slaughterhouses or laboratories can become infected at the workplace. Infections by consumption of contaminated raw milk (products) is possible but rare (5). Also possible, but even rarer, is infection through live cell therapy (35).



Rules and Regulations

On an international level, the World Organization for Animal Health (OIE) lists Q fever in the category of multiple species diseases (36). Moreover, OIE recommends protocols for diagnostic testing and vaccination of Q fever in small ruminants to prevent human infections (5). On the level of the European Union, data sampling of zoonoses in humans is regulated under Decision No 211/98/EC and coordinated by the European Centre for Disease Prevention and Control (ECDC). Moreover, Q fever is included in the Community Summary Reports on zoonoses since 2005. To harmonize information about Q fever within the European Union, a scheme for the monitoring and reporting of Q fever in animals was developed in 2010 under Directive 2003/99/EG. This report was prepared by the European Food Safety Authority (EFSA) in collaboration with the ECDC and EFSA's Zoonoses Collaborating Centre (32).

On the national level, Q fever in humans is a notifiable disease with inception of the German Protection against Infection Act (IfSG) in 2001 (25, 37). In accordance with the German National Animal Health Act (TierGesG) and the German Regulation of Notifiable Animal Diseases (TKrMeldpflV), only the direct detection (by culture or PCR) of C. burnetii in small ruminants and cattle has to be reported to the local veterinary health authority (25, 38, 39). All notifications are reported in the Animal Disease Reporting System (TSN) by the local veterinary health authorities and contain the date of detection, the species, the flock and its owner as well as the county/city concerned (25). Apart from official rules and regulations, the RKI published recommendations for Q fever after a huge sheep-associated outbreak in 2006 (9, 29). Moreover, an interdisciplinary research association in the German federal state Baden-Wuerttemberg published recommendations for the management of Q fever cases and outbreaks (40). Furthermore, the German Federal Institute for Risk Assessment (BfR) recommends pasteurization of raw milk before consumption and food processing if a C. burnetii infection is diagnosed within a ruminant flock (2). A recommendation published by the German Ministry of Food and Agriculture (BMEL) is available that involves hygiene measures in the case of Q fever cases in (small) ruminants (41). However, these recommendations are not mandatory and cannot be imposed by the local veterinary health authorities. In comparison, the local public health authorities may impose regulatory measures for animals based on the IfSG if humans are infected.



Rationale for Using a Monitoring and Surveillance Systems

The German legislation underlines the rationale for using a monitoring and surveillance system (MOSS) for Q fever as it defines this zoonosis as a notifiable disease in both (small) ruminants and humans (37–39). Hence, both MOSS's that are currently in place can be defined as passive monitoring systems, which focus on human health as the predominant rationale instead of health or production effects on animals (25, 42). However, the passive monitoring system of Q fever in small ruminants does not serve as reliable protection for humans against infection. This is especially because infection in small ruminants may proceed with unspecific symptoms or even asymptomatically (17, 18). As a passive reporting system does not detect these kinds of diseases very well, we assume that the occurrence of Q fever in small ruminants is heavily underestimated in Germany (43, 44). To prevent new infections in humans, it is important to gather reliable information about the current Q fever status of small ruminant flocks. With this knowledge, flock-specific action and control measures can be induced, while these measures effectively prevent new cases in the human population, as transmission risk will be reduced (5, 38, 39). It could be discussed that the low number of notified cases in the human population does not directly impose the need for action. However, underreporting of Q fever in humans has to be assumed, as symptoms are unspecific, and zoonotic infections are not high on the list of differential diagnoses (30, 45). Due to the obvious risk for human infection, there is a need to improve passive monitoring in small ruminants toward active surveillance, including measures for the control of Q fever (5, 42, 44). Therefore, the objective of this paper was to conceptualize such a MOSS as an early warning system for Q fever in small ruminant livestock in Germany and to evaluate the concept with regard to feasibility.




METHODS

To comply with international standards, previously developed checklists for the design of a MOSS in the animal health sector were used and modified (42, 43, 46–48). Referring to these international standards, we summarized the main characteristics and the chosen options of our concept in Tables 1, 2. First, we started by defining the hypothesis and aim of our MOSS. Afterwards, we discussed the type of system in detail. All further options in terms of the described characteristics of this concept are contingent on this aim with regard to international literature about C. burnetii, national legislation and regional differences in husbandry of small ruminants. Next, we focused on the characteristics of the target population for this MOSS, which is split into the topics animal species, sex and age, region, and husbandry. After this, we determined the dependent variables including the topics disease stage, unit of interest, and diagnosis. Then, the independent variables and confounder were discussed. In the next step, we focused on the sampling technique and sample size at the flock level and within-flock level as well as sampling time and bias. As Q fever bears a serious risk for the human population, we discussed an action and control plan in case of a positive or negative flock status. As implementation and evaluation of a MOSS are important issues at the time of concept planning, we discussed the involvement of stakeholders as well as economic considerations in the context of this concept.


Table 1. Concept of an active surveillance system for Q fever in German small ruminants—conflicts between best practices and feasibility.
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Table 2. Implementation and evaluation of an active surveillance system for Q fever in German small ruminants—conflicts between best practices and feasibility.
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The referred literature was assessed in a non-systematic search strategy using the search database Web of Science (http://apps.webofknowledge.com) performed in English. Investigated search terms were defined and combined with the Boolean Operators AND and OR.

To report about our concept of an active surveillance system for Q fever in small ruminants, the STROBE Statement was used as a guideline (49).



CONCEPT OF THE MOSS

In this paper, we compile a concept of an early warning system for Q fever in small ruminants in Germany. First, we describe the best practice for this MOSS before taking the next step to address feasibility, as the combination of both evokes conflicts. The basic points of the MOSS are summarized in Tables 1, 2.


Hypothesis and Aim

To conceptualize a MOSS, the hypothesis and the aim are mandatory to define first (42, 43). These generate the basis for every subsequent decision regarding the design of the concept. Q fever has a non-specific aetiopathology as well as little effect on the health status of small ruminants. Nevertheless, there is no active MOSS for Q fever in small ruminants, which is mandatory in all federal states. Based on these facts, we assume that the health status of most small ruminants and thus the potential sources of human Q fever infections in Germany are unknown. As only a few C. burnetii organisms can initiate active infection in humans (3), it is imperative to detect a possible source of transmission as soon as possible. Therefore, “early detection in a defined animal population” is the predominant purpose of the MOSS presented here (5, 36, 46).



Type of System

MOSSs are used to gather health data of a defined population (47, 48). However, it should be discussed whether “passive” or “active” data collection is desired and if action should follow a positive finding, i.e., “monitoring” or “surveillance.”

In the case of our MOSS, “monitoring” would result in the observation of the Q fever status in small ruminants without any control activities in the case of positive findings (42, 43, 47). However, as we are concerned with a zoonotic agent with considerable human health impact, monitoring without control activities would foil the principles of risk prevention and veterinary public health. Hence, “surveillance” system is preferred here. Those control activities can be either mandatory or voluntary. For mandatory implementation of control activities, rules, and regulations are necessary. In the case of human outbreaks caused by small ruminants or cattle, veterinarians and human local health offices have to work closely together using the IfSG. However, German law does not regulate consistent control activities in the case of Q fever in small ruminants without a link to human Q fever cases (37–39). A competent public health authority can take necessary measures to avert imminent danger only if facts are established, which might lead to the occurrence of Q fever in humans, or if it can be assumed that such facts exist (37). Hence, regulations need modifications. In the meantime, surveillance is contingent upon the voluntary implementation of control activities by animal owners. However, a surveillance system with voluntary control activities calls on the responsibility of animal owners for people in their environment. For the success of this MOSS concept, further considerations presume a 100% participation rate.

Furthermore, it is important to decide whether a “passive” or “active” data collection must take place for this MOSS (42, 43, 47). In the case of a “passive” MOSS, a reporting cascade is necessary to gather health data (43). Such a “passive” method would be an inexpensive way to get information about the Q fever status of small ruminants in Germany because the veterinary health authorities would not need to plan data acquisition, to take diagnostic tests or finance the work of sampling and laboratories. However, this “passive” system contains many sources of error as it is based on the idea that animal owners and practicing veterinarians recognize clinical signs of Q fever very easily and screen the population of interest. Therefore, passive monitoring would overlook small ruminants with positive Q fever status. Furthermore, different knowledge about Q fever and different motivations to report positive flock status negatively influence the quality of health data (42, 43, 50). Animal owners may be less motivated if they distrust the system, especially if consequences after reporting a positive Q fever status are unforeseeable [e.g., stigmatzation; (43)]. Therefore, the reporting cascade would not work reliably for this disease. In contrast, an “active” MOSS collects health data in a systematic way or by regular recording (42). For the active collection method, it is typical to define a specific aim of the MOSS, to use a formal sampling process in a specific population and a specific time of collection as well as standard tests to detect positive findings (42, 43). In general, the local veterinary health authorities are responsible for the coordination of this regular and periodic collection of health data (43). It is important to invest both money and time in structured data acquisition to get valid information about Q fever status in a favorable cost-benefit ratio (46–48). Hence, this leads to an “active” system of data collection in the case of our MOSS. An active MOSS is not restricted to clinical cases with typical symptoms, which is an important advantage in the case of Q fever in small ruminants. Another positive effect for the quality of the data is the control of sampling scheme and information collection by a competent veterinary health authority that guarantees statistically based objectivity as well as increasing comparability of results (42, 43). In conclusion, this MOSS should be implemented as an active surveillance system.



Target Population

The target population is defined as the population that is the focus of a study (42, 51). For example, this can include the whole population at risk that is susceptible to a specifical disease or just a subgroup with special qualities of this population at risk (42). If the target population is not clearly defined, individual interpretation of study results can lead to bias and differential perception of the results (51). To define the target population of this MOSS, we divided their characteristics into the topics animal species, sex and age, region, and husbandry (46–48).


Animal Species

Although various domestic and wild mammals can be reservoirs for C. burnetii, the focus of this approach is on small ruminant livestock (6, 7, 9, 10). On an international level, (aborting) dairy goats have been the reason for the biggest Q fever outbreaks in humans. However, in Germany most small-scale epidemics have been caused by nondairy sheep (25). Because sheep and goats are often kept together (especially in southern Germany) and because the number of goats is increasing across the country (14, 25), this MOSS has to focus on both species. The German Federal Statistical Office reported 19,556 farms with 1,834,275 sheep and 9,808 farms with 138,810 goats in 2016. Unfortunately, no official number about these farms keeping sheep and goats together is available (52, 53).



Sex and Age

Possible differences regarding the transmission risk to humans between sex and age groups have to be considered when defining the target population. Both female and male small ruminants can be infected by C. burnetii and shed the pathogen via different pathways (13, 14, 18, 21, 22, 54). However, the highest pathogen concentrations are shed in amniotic fluid, placenta, and lochia during physiological birth or abortion and in the milk of small ruminants (18, 21, 22, 54). Hence, female small ruminants after lambing are the subgroup with the highest risk for humans to acquire infection and therefore are focused on in this MOSS. In Germany, approximately 64.42% (n = 1,181,560) of the sheep population and 63.72% (n = 88,451) of the goat population are reproductive females (52).



Region

As the pattern of disease occurrence of Q fever in humans and small ruminants in Germany was previously described (25–27), the reported cases and studies show that Q fever is endemic in Germany (11, 25–27). Therefore, the MOSS should be implemented nationwide. In Germany, rules and regulations for the implementation of a MOSS are split into national, federal, and district tasks. In the districts, the lowest administrative level, veterinary and public health authorities are responsible for general coordination and implementation of disease prevention in animals as well as in humans. These veterinary and public health authorities on the district level can rely on (communication) structures between different stakeholders, which are needed for the implementation of this MOSS (see chapter “Implementation and evaluation”). As the wind and the distance between settlements and small ruminants have an impact on Q fever transmission (11, 31), this MOSS mentions urbanization, density of livestock, and individual weather conditions in different regions of Germany and appeals to the cooperation between neighboring districts in the case of positive findings. In conclusion, this MOSS must be implemented nationwide with the administrative districts as the lowest subregional structure being responsible for implementation of action and control activities.



Husbandry

The current situation of sheep and goat husbandry in Germany was previously described by Bauer et al. (25). In short, the distribution of animals, farms and breeds differs between German federal states (25). Moreover, most German small ruminant farms practice a combination of management systems including grazing enclosure, milk production, and shepherded and migrating flocks, which makes husbandry very inhomogeneous (50). In addition, small ruminant husbandry is mostly associated with reproduction for lamb production as well as with landscape conservation and protection. Both are connected with distant contact between small ruminants and the public due to lambing and grazing on pasture and the proximity to residential areas. Migrating flocks, which change their location regularly or even cross administrative district borders, are particularly noteworthy here. Furthermore, close contact between small ruminants and the public takes place in petting zoos, family farm vacations, and animal-assisted education or therapy. These risk factors for public health will be discussed in the “sampling technique and sample size” section of this manuscript. Finally, this MOSS needs to focus on the whole range of small ruminant husbandry, as there is an overall risk of transmission to humans.




Dependent Variable

Conceptualized as an early warning system, the dependent variable for this MOSS is the status of Q fever in small ruminants.


Disease Stage

To describe a disease status in general, a MOSS can focus on different disease stages such as the infection, the occurrence of symptoms, the presence of antibodies, or the excretion of the pathogen itself. As we have to consider the zoonotic potential of Q fever, pathogen shedding by small ruminants must be identified as early as possible. Since clinical symptoms or the presence of antibodies cannot be connected to the occurrence of pathogen shedding (12, 18, 21, 32, 44), this MOSS has to focus on the detection of pathogen shedding itself. As mentioned in the topic sex and age, the perinatal period is the time of highest risk for human infections (18, 21, 22), and this MOSS focuses on the detection of current pathogen shedding early after lambing.



Unit of Interest

“The individual (animal), pen, herd, flock, or farm” or another defined structure may be chosen as an unit of interest (42). Choosing the individual animal as the smallest unit of interest is useful to detect sporadic diseases. Therefore, this strategy is valuable for a disease that is not very contagious. However, Q fever is a contagious disease and can be spread easily within flocks. This means that the occurrence of more than one C. burnetii shedding individual within a group of animals is very probable. Choosing the status of pathogen shedding at the flock level, the probability of a positive flock status may change over time with the composition of individuals within the flock (51). As farms may manage more than one flock, and flocks may be housed and handled differently, flocks should be the most appropriate unit of interest here (5, 51, 55). Due to the high concentration and prolonged time of C. burnetii shedding, a single C. burnetii-infected individual may be a sufficient risk for human infections (3, 29). Therefore, a single animal testing positive is sufficient to designate the flock as positive for C. burnetii shedding (14, 44, 55). Conclusively, the unit of interest is the flock status of pathogen shedding defined by at least one individual-sample testing positive.



Diagnosis

Different diagnostic tests are available for direct detection of C. burnetii. Only specialized labs perform bacterial cultivation. However, PCR is the most feasible diagnostic test for this MOSS because primer and probe sequences as well as ready-to-use kits are commercially available, and results may be provided with high speed and accuracy (i.e., high specificity and sensitivity) (1, 5, 25). PCR has been used to detect C. burnetii-genome fragments in feces, however further research is necessary to confirm feces as adequate test material to detect acute pathogen shedding in small ruminants (56, 57). As an officially approved diagnostic test, PCR is able to detect C. burnetii-genome fragments in milk samples, organs of fetuses, birth products, vaginal swabs, and ticks (25, 58). However, milk production is present on only 2.68% (n = 524) of all sheep farms and comprises only 0.98% (n = 17,999) of the sheep population in Germany in 2016, making this sample material unsuitable for this MOSS (52). In addition to sampling of fetuses and birth products, sampling of vaginal swabs means additional effort and cost, but vaginal swabs provide a high-quality sampling material (5, 25, 59). Furthermore, a vaginal swab can be assigned to an individual animal, so that subsequent measures can be implemented individually (e.g., follow-up testing). In addition, pooled samples of vaginal swabs are applicable to reduce temporal expenditure and financial costs (42). Conclusively, diagnosis must be carried out by conducting pooled vaginal swabs testing by PCR.




Independent Variables and Confounder

Factors influencing the probability of a flock testing positive for pathogen shedding were already discussed before and are only listed here for reasons of clarity:

• Preliminary information: Flocks already known to show suspicious symptoms such as abortion at the flock level [the abortion rate ranges between 5 and 90% of pregnant females, while 5–20% is common in sheep flocks, and high abortion rates occur only in some goat flocks (23)] may be an indicator of current and ongoing infection and shedding. Moreover, previously known antibody titers in animals may be an indicator of current or ongoing infection and shedding in a flock. This may increase the probability of a flock testing positive for current shedding but there is no guarantee (1, 59). Although previous vaccination heavily influences the antibody activity, it also reduces the amount of pathogens shed (5).

• Target population: Female animals with perinatal status are most likely to shed high amounts of the pathogen (see chapter “Sex and age”) (18, 21).



Sampling Technique and Sample Size

First, it has to be decided which procedure is applicable for the aim of this MOSS: a census or a sample. The main disadvantage of a census is its great cost in terms of time and money; conversely, an advantage of sampling is its low cost, while leading to reliable estimation of the target population if the sample is selected correctly (42, 51). A solution is to conduct a risk-based sample. This enables lower costs and monitoring of the most relevant samples. Due to the well-known cluster effect of (n) animals in (m) farms, multistage sampling has to be considered, where first the number of flocks and then the number of animals per flock are determined (51).


At the Flock Level

Concerning risked-based sampling, flocks with the following characteristics should be investigated predominantly:

• Reproduction in general, but especially when lambing will happen on pasture: Information about the flock management (lambing location i.e., lambing in stable vs. on pasture) as well as the time of parturition (estrus synchronization/artificial insemination, lambing season) must be queried (33).

• Close contact in general, but especially when female and pregnant small ruminants are to be exhibited: Information about exhibitions (i.e., conformation shows, farm vacations, open house days). Furthermore, all reproducing female small ruminants kept for petting zoos, animal-assisted education and therapy must be identified and investigated in particular (29).

• Distant contact in general, but especially when migration is performed in residential areas: Information about the migration of flocks must be acquired, and the migrating flocks must be tested regularly (31, 33).

As it can be assumed that these characteristics concern most of the German small ruminant flocks, this risked-based sampling may almost be a census.



At the Within-Flock Level

Concerning risked-based sampling, all females after lambing should be investigated predominantly. Assuming that the flock has a positive status given that one individual is shedding C. burnetii, we calculated the required sample size (n) to identify freedom from disease considering the absolute number of primi-/multiparous females per flock (N) [see Supplementary Material; (5, 36, 51)]. Our calculation shows that the difference between census and sample (N-n) is minimal and therefore this risked-based sampling is almost a census (see Supplementary Material).



Sampling Time

Flock level testing should be done during the main lambing period and before migrating into residential areas at least once a year. In addition, an ultrasound examination should be carried out before individual animals are exhibited or transported/slaughtered. Animals in the last trimester of pregnancy should not be exhibited to prevent spontaneous abortions or births near humans and should not be transported/slaughtered to prevent infection of animal traders and abattoirs.



Bias

A sampling process always leads to an uncertainty about the gathered information because a conclusive statement in response to a research question is only available for the sampled individuals (42). To assess the quality of this MOSS, this section discusses possible sources for bias.

Selection bias describes the difference between an estimation and the truth (60). In case of this MOSS, the selection bias may originate from the sampling technique described above. First, it is important to mention that this MOSS currently depends on voluntary participation of the different stakeholders. Poor participation by these stakeholders could introduce selection bias such that only interested animal owners participate. This could bias the percentage of flocks testing positive toward an overestimation, if these persons already know about their flock having a problem with Q fever. However, it could also bias toward an underestimation, if these persons focus their flock management on a perfect hygiene strategy and therefore participate to prevent further C. burnetii infections. A percentage over- or underestimation would not impede the aim of this MOSS, which is to identify as many herds as possible in total that shed C. burnetii. Furthermore, if the system becomes obligatory, this bias will be settled. Next, veterinary health officers have to administer the risk-based principle of flock selection and individuals within the flocks. For example, sampling of non-mated female small ruminants, which do not lamb, or sampling of mated female small ruminants during pregnancy and late after lambing also may lead to underestimation. Although this selection process can be supported by the use of a questionnaire, it depends on subjective decisions and may be a source of possible bias. Beyond this, correct assignment of high-risk flocks depends on animal owners' provision of correct information.

Information bias describes the difference between the estimation and the truth that originates from over- or underestimation of results (60). In the case of this MOSS, the greatest information bias is because a few animal owners do not know the time of lambing, as fertile male small ruminants are constantly in the herd. Therefore, the information about time of lambing can only be communicated to the veterinary health officers when it has already taken place. Very good communication between animal owners and veterinarians is therefore a prerequisite for obtaining samples in a timely manner. Further information bias may originate from error classification of pools resulting in false classification of the flock status. This depends on the sensitivity and specificity of the chosen diagnostic test (60), which are very high in the case of PCR testing (1, 5, 25). As C. burnetii shedding occurs sporadically, test results can miss a positive individual and therefore the positive status of a flock. By planning to test herds completely and during a time when identification of positive animals is most likely, single false-positive or negative test results can only modify the estimated disease status on the flock level if shedding occurs in very few animals or if the flock is small. Therefore, as the test accuracy is comparably high and pools instead of individual animals are investigated, the test performance does not have to be considered as relevant bias for the determination of disease status.




Action and Control Plan

Recommendations for action and control measures regarding Q fever in small ruminants have been published elsewhere (1, 5, 12, 25, 33, 40, 41). However, German flock management and husbandry vary considerably between each small ruminant (production) system, resulting in a varying risk of pathogen transmission to the human population (5). Therefore, individually adapted action and control plans are preferable over general recommendations and should be developed with the cooperation of veterinary and human health professionals and the animal owners.


In the Case of Positive Flock Status (Pathogen Shedding in a Flock)

If C. burnetii shedding is detected, immediate and long-term actions must be defined in a flock-specific action and control plan (41).

Most importantly, prevention of close contact between the positive flock and the public means that animal exhibitions as well as unauthorized persons in the flock (i.e., farm visits, vacations, open house days) have to cease until the flock is proven negative again. Authorized persons working in the flock (animal owners, their employees, animal traders, abattoirs, dairies, sheepshearers) must protect themselves with personal protection equipment; wearing FFP3 respirators is most important, and protective work clothing should only be worn within the specific flock (12, 33, 40, 41).

Similarly important is the prevention of distant contact between the flock and the public. Therefore, the animal owners have to organize lambing inside a stable and to store contagious materials such as afterbirth or aborted material in safe containers until rendering. In addition, cleaning and disinfection of lambing areas and stables are necessary to prevent pathogen dissemination. Furthermore, dung and litter have to be covered for 9 months before spreading it on farmland (12, 33, 40, 41). Although the alimentary infection pathway is unlikely (2), selling and consumption of raw milk and raw milk products must be prohibited (12, 40, 41). Small ruminants must not be used as a source for live cell therapy (35). No migrating should be allowed, and the flock should be kept as far as possible from human habitation until the flock is proven negative again (31). Shearing and storage of wool have to take place in a closed room while wearing personal protection equipment. Contaminated wool must be destroyed in a rendering plant (31, 33, 40, 41).

Moreover, an action that concerns the individual animals itself is vaccination. However, phase I vaccine should be preferred over phase II vaccine as it is more effective (61). Although phase I vaccination cannot stop the shedding of C. burnetii, it can reduce pathogen shedding (1, 17, 33, 61). Oxytetracycline treatment is not recommended in the case of Q fever in small ruminants, as it does not stop pathogen shedding (25, 61).

As Q fever occurs sporadically and may reoccur after some time, a flock with a positive status should be retested for at least the next two lambing seasons (22). To prevent further unnoticed pathogen spread, the possible source of infection should be investigated [tracing on and tracing back, wildlife as pathogen reservoir; (10, 12, 33, 34, 45, 54, 61)].



In the Case of Negative Flock Status

If the status of a flock is negative, C. burnetii shedding was not detected by PCR of vaginal swabs and transmission to the public is currently unlikely. However, as Q fever occurs sporadically, annually recurrent testing is necessary. In cases of increased risk for transmission to the public, additional testing should be applied. Furthermore, animals in their last trimester of pregnancy must not be transported, e.g., for exhibition or slaughter, in order to avoid pathogen contamination by spontaneous lambing or slaughter. Accordingly, an ultrasonography examination to determine the pregnancy status of an individual animal has to be carried out prior to transportation.




Implementation and Evaluation

To implement and evaluate this MOSS, it is important to discuss which stakeholders are potentially concerned and which economic considerations should be regarded.


Stakeholders

Stakeholders who are affected in some way by this MOSS are different subgroups working in the small ruminant sector as well as veterinary and human health professionals, policy makers, Animal Disease Funds and the public itself (5, 29, 45, 55, 62–64).

The small ruminant sector first includes sheep and goat owners, their employees, and family members. Small ruminant owners are organized within regional and national (breeding) associations. These associations represent the opinions of their members and are important counterparts to get in contact with small ruminant owners and amplify information regarding MOSS implementation. As long as participation is voluntary, animal owners have to actively agree to take part. Participation will be influenced by the good communication between different stakeholder groups and awareness of the importance of this MOSS for public health. Therefore, we discussed the idea of closely linking voluntary Q fever monitoring to another already well-established (and mandatory) monitoring program for brucellosis with a group of representatives from small ruminant owner associations. It became clear that awareness about the impact of this disease for public health currently is not high enough to trigger willingness to participate. The representatives emphasized that small ruminant owners are already overloaded with regulations and legal documentations and cannot justify further workload and restrictions, which are not predictable in the case of a positive flock status. Hence, it has to be concluded that prior to and in parallel with implementation of this MOSS, great effort must be put into raising awareness, dismantling barriers and fears and increasing knowledge of Q fever and exactly how the MOSS will work. Furthermore, possible economic benefits of a negative test result need to be discussed and emphasized to create an incentive for participation (see chapter “Economic considerations”).

Further groups in the small ruminant sector that have to be considered are animal traders, abattoirs, dairies, and sheepshearers. These groups need to know the status of flocks in order to adapt their working habits when handling positive flocks with regard to personal protection equipment (i.e., wearing FFP-3 breathing masks) or when processing material derived from small ruminants [i.e., pasteurization of raw milk, separate slaughter, handling and selling of wool; (33, 40, 41)]. Some professionals might even have to postpone or cancel their work in small ruminant flocks that tests positive (e.g., sheepshearers) due to self-protection.

Veterinary health professionals includes the veterinary health authority officers who have to organize steps such as selection of most relevant flocks as well as the documentation and analysis of test results. Elaboration of flock-specific action and control plans is another of their tasks. However, these steps must take place in cooperation with the animal owners. At this point, veterinary practitioners function as a link between the veterinary health authority and animal owners, as they know the animal owners as their customers and therefore can advise which measures have to be implemented for the affected flock. In addition, veterinary practitioners must perform the vaginal swab sampling on behalf of the veterinary health authority. Since an animal health service exists in most German federal states, these tasks can be transferred to the practicing veterinarians of this organizational unit. Laboratories are necessary to do the diagnostic testing of these swabs. To implement necessary safety measures at the laboratory, samples have to be packed safely and accompanied by meaningful preliminary reports.

As Q fever is a zoonosis, human health professionals are additional stakeholders in this MOSS. Therefore, the public health authority officers and their colleagues at the veterinary health authority must cooperate. In the case of a positive flock status, an exchange of information must take place automatically, as this provides an early warning to draw attention to possible Q fever cases in the human population. Hence, the public health authority officers should forward information to physicians to raise awareness and alertness, without stigmatizing the animal owners and their families. Furthermore, laboratories in the human health sector are involved if human cases occur, and they must be informed to be alert about the zoonotic potential as well.

Next, policy makers are an important group of stakeholders in this MOSS. Due to recent German legislation, Q fever is only monitored via a passive MOSS. Hence, implementation of any new surveillance attempts depends on the voluntary participation of animal owners and veterinary health professionals. Therefore, legislation needs to be revised, and an active MOSS has to become mandatory in order to protect the public effectively.

Furthermore, the revision has to include subsidies for animal owners in cases of positive herd status. This leads to the Animal Disease Funds as further stakeholders. These public-law institutions are regulated nationwide by the TierGesG, but within the federal states the reimbursement of costs for monitoring and combating animal diseases varies (38). Therefore, federal legislation is necessary to regulate the subsidization of animal owners by these institutions in the case of positive flock status.

Finally, the public has to be mentioned as a stakeholder group. If there is a risk of a Q fever outbreak in the population, the population should be informed about possible risk factors and preventive behavior. Therefore, it is important that the public relations department of each district cooperates with the local press to inform the public without generating panic or causing stigmatization of small ruminant owners (62, 63).



Economic Considerations

Decisions about this concept are driven by economic considerations that affect all different stakeholder groups.

Financial costs evolve from MOSS coordination, sample collection and testing as well as action and control measures (see Supplementary Material). Therefore, the conflict between best practice and feasibility is notable.

For MOSS coordination, labor costs for veterinary health authority employees have to be assessed prior to implementation. Here, the effort to collect basic information about the risk-status of the flocks within each governmental district is considered the most time-consuming task. Calculating the financial costs of sample collection, sample testing, and vaccination, as an action and control measure, we considered the German veterinary fee regulation (GOT), the fee regulation for administration/consumer protection and veterinary health authority (GOVV) in Lower Saxony and the German permanent vaccination commission for veterinary medicine (STIKO Vet) [see Supplementary Material; (65–67)]. As sample collection has to be carried out by veterinary practitioners on behalf of the veterinary health authority, labor costs, driving costs, materials (vaginal swabs) and sample shipment must be taken into account. Additionally, costs for sample testing by the laboratories must be considered, whereby pooling of samples saves costs (see Supplementary Material). Concerning action and control, all implemented measures have to be supervised by the veterinary authorities, which causes additional personnel costs. For vaccination, we assumed four euros per 2 ml dose for a small ruminant individual (25). Further, we assumed that only the gimmers, replacement animals, and purchases of the flock (replacement rate of 20%) need an initial immunization. Here, two doses at intervals of 3 weeks were calculated. If possible, vaccination has to be completed 4 weeks before mating (61), while the other 80% of the flock gets only one booster vaccination per year. Sample collection, testing, and vaccination of all reproductive females (n = 1,270,011) in the German small ruminant population include 26,090,430 euros per year in this calculation [see Supplementary Material; (52, 53)]. Moreover, animal owners would face (additional) costs from modifying their usual flock management and housing practices in order to ensure that pathogen transmission will be prevented. Rendering of contaminated materials may cause additional costs. Furthermore, and most importantly, the loss of income for the affected animal owners has to be considered before implementing this MOSS, as well. Financial damage may be substantial depending on the purpose of use and the market value of the flock and its products [i.e., prohibition of trade with wool, raw milk (products), or live animals]. Moreover, loss of income and threatened jobs also must be considered. Although Q fever is listed by the OIE, it is not included within “Recommendations applicable to OIE Listed diseases and other diseases of importance to international trade” (5, 36). Since we recommend stopping animal trade from a positive herd, this could result in loss of income for the animal owners. This calculation and summary of financial costs shows that it is not feasible to implement this concept of a best practice MOSS.

Finally, the following steps are necessary to reduce costs in order to make this MOSS feasible. Preventive measures should replace testing wherever justifiable. Therefore, the focus on nationwide vaccination would be most useful, as this would guarantee lower pathogen shedding by infected small ruminants. Assuming the vaccination costs as stated above for all reproductive females (n = 1,270,011) in the German small ruminant population, a nationwide vaccination of these would include approximately 7,722,000 euros per year. If sample collection and testing are omitted completely, this would result in a cost reduction of 18,368,430 euros per year compared to the best practice concept [see Supplementary Material; (52, 53)]. Moreover, current studies are investigating if the vaccination dose for sheep can be reduced by half (1 ml per dose) compared to goats (25). Other studies are looking at whether exclusive vaccination of gimmers would be sufficient to prevent a positive flock status (68). These approaches would also further reduce costs. Unfortunately, it is not possible to avoid sample collection and testing in cases of close contact between small ruminants and the public because vaccination does not prevent pathogen shedding completely (5). On the other hand, vaccination can greatly reduce the risk of Q fever infection in the human population. For further cost reductions, it must also be considered that testing such a large number of animals means that costs for sample testing and vaccination can be negotiated between the national veterinary health authority and the industry, resulting in lower costs for each district as in our calculation above. In addition, costs could be saved if the sample collection was carried out by independent persons, such as employees of the responsible chamber of agriculture or Animal Disease Founds, who have lower labor costs as veterinarians. However, it must be ensured that employees have the necessary knowledge to guarantee the quality of the samples. Furthermore, it could also be considered whether the animal owners themselves could collect the samples. However, this raises several problems. First, it would have to be ensured that all animal owners have the necessary knowledge to carry out the sampling correctly. Second, the animal owners are directly affected by the results of the samples, which could make them prejudiced in taking the samples.

Regarding MOSS coordination, sample collection and testing as well as vaccination costs, it has to be decided which stakeholder group should participate in the financing. Animal owners could be a possible group as it is their responsibility not to compromise public health by animal husbandry (69). On the other hand, animal owners cannot be expected to solely take over these high costs and the responsibility. Therefore, the costs should be shared or assumed. While goat owners may be more willing to accept financial costs, as Q fever leads to losses for their animals (i.e., higher abortion rate), in contrast, sheep owners might be less willing to pay as Q fever usually does not show any health problems in sheep. Given the previous approaches in Germany, it is most likely that financial coverage would be taken over by the Animal Disease Funds. In addition, the public health authorities and veterinary health authorities should be considered in regard to joint (cost) management. This is because measures can only be ordered by the public health authorities. This is based on the IfSG. However, veterinary expertise is needed for disease control measures in small ruminant flocks, too. Therefore, it is desirable that an interdisciplinary team coordinates measures. In addition to the legal basis of the IfSG, both public and veterinary health authorities are responsible for the maintenance of public health as a common good. Although infection with C. burnetii poses a greater risk to human health than to animal health, joint financing by animal owners, Animal Disease Founds as well as the public health authorities and the veterinary health authorities is a logical conclusion.

Financial benefits arise from the prevention of human Q fever cases. Therefore, each case that can be prevented by this MOSS saves costs for physicians, laboratories, medicine, hospitalization, and nonproductive time of humans. “Expressed in disease adjusted life years (DALYs), Q fever ranked 12th of 32 infectious diseases in the Netherlands over the period 2007–2011, using the methodology developed under the Burden of Communicable Diseases in Europe (BCoDE) project. … The healthcare-associated costs of the Q fever epidemic in the Netherlands was estimated at €18.4–26.5 million and the productivity loss at an additional €1.3–10.3 million” (70). Hence, though not precisely estimable, costs can be high, and outbreaks may affect the health system considerably. Therefore, every preventive measure is financially preferable to ongoing passive monitoring as it is currently in place. The financial benefit to small ruminant owners and the associated incentive to participate is difficult to recognize at the beginning of MOSS implementation. Animal owners are afraid of the financial damage that a positive test will bring. At this point, however, it is very important to emphasize that an active MOSS also leads to quality awareness, which in turn brings financial benefits. Once MOSS is implemented nationwide and an awareness of this zoonosis among small ruminant owners, public, veterinary, and human health professionals is available, small ruminant owners can use a negative flock status to prove the quality of their action measures against Q fever. As a financial benefit, animal owners of flocks with a negative test result could sell raw milk (products) for a better price (e.g., by self-marketing or selling to dairies) and escape restrictions such as migrating ban or culling of animals. This MOSS can therefore be the basis for creating a quality mark “Q fever free” for small ruminant livestock in the future. In addition, this active MOSS ensures that Q fever in small ruminant livestock is controlled nationwide and thus also reduces the risk of pathogen introduction into Q fever free flocks, e.g., by additional purchases. Therefore, a financial benefit is that Q fever in small ruminant livestock will be less widespread after MOSS implementation and thus fewer costs for action measures will be necessary in future.

Emotional costs include stigmatism of people in the small ruminant sector, existential fear of animal owners and anxiety of the public about infection. These costs cannot be enumerated pecuniary, but they have to be considered during the implementation process and when communicating with stakeholders. This MOSS can only act with high efficiency if emotions of animal owners and the public are taken seriously and are addressed properly.

Finally, emotional benefits evolve from protection of the public against Q fever while cooperating with animal owners. Knowing about positive flock status enables animal owners to take safety measures and thus demonstrate their sense of responsibility toward their fellow humans. Negative flock status can gain the confidence of the public in the animal owners and lead to economic strengthening of their business. Small ruminants are a considerable component of German livestock production especially for landscape conservation and are popular in the private sector. This MOSS does not want to impair the husbandry of small ruminants in Germany. Rather, it intends to support the small ruminant sector with regard to their responsibility in zoonosis prevention. Therefore, an emotional benefit is that stakeholders will work together in reaching this aim in a One Health approach.





CONCLUSION

In conclusion, this concept of active surveillance of Q fever in small ruminant livestock focuses on an early warning system in order to prevent Q fever infections in the human population. Considering a best practice approach, the aim is to identify flocks currently shedding the pathogen. Flocks should be considered positive if at least one pool of vaginal swabs is positive by PCR. The surveillance approach culminates in flock-specific action and control measures for the affected flocks. If this best practice concept were to be implemented, a huge conflict between economic costs and feasibility would emerge. Therefore, to maintain the aim of this MOSS (prevention of human cases by detecting small ruminant shedders), modifications of the concept are necessary. The system has been developed to serve as a basis for the introduction of a nationwide mandatory surveillance system in the future. Even without the context of subsequent obligation to participate or implement control measures, it is always a challenge to balance necessities and practicability when developing a MOSS.

Currently, successful implementation of this early warning system depends on voluntary participation of animal owners. For nationwide and mandatory implementation of this MOSS, a revision of the German law is necessary. Only if the active MOSS is ordered by law can Q fever be prevented safely among the public. In the meantime, and after legal obligation, the most important prerequisite for successful prevention of pathogen transmission is close cooperation between public health authorities and veterinary health authorities at the national and local levels as well as willingness to learn about the possibilities and challenges of the other parties. Furthermore, good and trusting communication with other stakeholders, especially with the animal owners, is mandatory. After successful implementation of this concept focusing on Q fever in small ruminant livestock, a further monitoring and surveillance system for Q fever in other domestic and wild mammals as a target group should be considered. This further development could provide insights into a possible pathogen reservoir in Germany and expand health protection for the population.

In conclusion, this surveillance system is built at the interface of animal and public health, thereby acting as a veterinary public health tool. The responsibility of veterinary and human medicine for public health is already well-recognized, and the One Health concept should be put into practice with the early warning system for Q fever presented here.
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