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In the context of complex public health challenges led by interdependent changes such as climate change, biodiversity loss, and resistance to treatment, it is important to mobilize methods that guide us to generate innovative interventions in a context of uncertainty and unknown. Here, we mobilized the concept-knowledge (CK) design theory to identify innovative, cross-sectoral, and cross-disciplinary research and design programs that address the challenges posed by tick-borne Lyme disease in France, which is of growing importance in the French public health and healthcare systems. Within the CK methodological framework, we developed an iterative approach based on literature analysis, expert interviews, analysis of active French research projects, and work with CK experts to contribute to design "an action plan against Lyme disease." We produced a CK diagram that highlights innovative concepts that could be addressed in research projects. The outcome is discussed within four areas: (i) e ectiveness; (ii) environmental sustainability in prevention actions; (iii) the promotion of constructive involvement of citizens in Lyme challenges; and (iv) the development of care protocols for chronic conditions with an unknown diagnosis. Altogether, our analysis questioned the health targets ranging from population to ecosystem, the citizen involvement, and the patient consideration. This means integrating social and ecological science, as well as the multidisciplinary medical patient journey, from the start. CK theory is a promising framework to assist public health professionals in designing programs for complex yet urgent contexts, where research and data collection are still not su cient to provide clear guidance.

Introduction

The world is facing many complex and interdependent changes, such as climate change, loss of biodiversity, increased antimicrobial resistance, and higher frequency of outbreak of zoonotic diseases [START_REF] Khan | Aggravation of human diseases and climate change nexus[END_REF][START_REF] Ecdc | Surveillance of Antimicrobial Resistance in Europe Annual Report of the European Antimicrobial Resistance Surveillance Network (Ears-Net)[END_REF][START_REF] Cardinale | Biodiversity loss and its impact on humanity[END_REF][START_REF] Morand | Emerging diseases, livestock expansion and biodiversity loss are positively related at global scale[END_REF]. Such changes are difficult to fully apprehend since they are both impacted by daily, entrenched human activities as well as environmental entangled factors beyond control by simple measures. The complexity of the issues at stake challenges the nature of public health work, as illustrated by the COVID-19 crisis, which featured uncertain, novel situations, and unprecedented modes of actions. Experts and researchers are urged to develop programs to prevent public health crises.

The current usual framework for building a response to public health crises typically describes a linear path from problem definition, the generation of a set of alternative solutions, the subsequent evaluation of these options, and finally the study and practice of implementation and dissemination. For instance, cost-effectiveness analysis, comparative effectiveness research, and dissemination and implementation sciences have been mobilized [START_REF] Glasgow | National institutes of health approaches to dissemination and implementation science: current and future directions[END_REF][START_REF]Initial National Priorities for Comparative Effectiveness Research[END_REF]). Yet, focusing on such approaches entrenches the mind in a set of choices where the objectives, pathways, and options, even if novel, are well identified. They fail to overcome two characteristics that are of particular importance for innovation in complex situations: (i) the automatic use of easily accessible knowledge to solve a problem leading to a cognitive bias called "fixation effect" and constraining the exploration of solutions from a restricted number of categories [START_REF] Agogué | Orphan innovation, or when pathcreation goes stale: missing entrepreneurs or missing innovation?[END_REF][START_REF] Crilly | Fixation and creativity in concept development: the attitudes and practices of expert designers[END_REF], and (ii) the unknown or ill-characterized aspects regarding the desired objective to reach, the paths to use, the knowledge to mobilize, the organization to be developed, or the actors to involve.

Developing a process to have a systemized, methodic way to generate innovative ideas in a context of uncertainty and unknowns is the core of innovative design. The conceptknowledge (CK) theory is a theory of innovative design (9, 10) that formally distinguishes "knowledge" from "concepts." Knowledge is considered as ideas and propositions with a logical status (true or false), and concepts as ideas and propositions without logical status (neither true nor false) but that are desirable and not impossible, e.g., "Antibiotics without resistance." The distinct space between knowledge and concept helps to explicitly and systematically organize the process of exploring innovative ideas. The formalism of CK allows the user to distinguish exploratory pathways based on the spontaneous activation of knowledge (i.e., fixation effects) from exploratory pathways that rely on the activation of less accessible knowledge (outside fixation effects). Once fixation effects are identified, it is possible to develop levers to overcome them and stimulate creativity [START_REF] Ezzat | How minimal executive feedback influences creative idea generation[END_REF]. The diagram structure of concept exploration in CK opens unexpected pathways, by requiring the consideration of contrasting ideas, for instance, a path with Property ≪ P ≫ (e.g., tick bite with Borrelia transmission) and a path with Property ≪ non-P ≫ (e.g., tick bite with no Borrelia transmission).

The concept-knowledge (CK) theory gave birth to a participatory innovative design method called KCP that has been applied in industrial contexts for a long time [Knowledge-Concepts-Proposals, [START_REF] Hooge | Organising for radical innovation: the benefits of the interplay between cognitive and organisational processes[END_REF]]. The method is based on several collective workshops that bring a large and heterogenous collective of stakeholders to conduct innovative design reasoning together. It has now a broad range of applications, such as the fostering of cross-disciplinary research [START_REF] Vourc'h G | Using design theory to foster innovative cross-disciplinary research: lessons learned from a research network focused on antimicrobial use and animal microbes' resistance to antimicrobials[END_REF] or promoting agroecological practices [START_REF] Berthet | How to foster agroecological innovations? A comparison of participatory design methods[END_REF] or generating alternative in public decision making [START_REF] Pluchinotta | Design theory for generating alternatives in public decision making processes[END_REF].

In this article, we describe an application of the conceptknowledge (CK) theory (9, 10) to a healthcare and public health issue in order to generate new research questions and identify innovative paths for public actions. We targeted a complex public health challenge, the issue of Lyme disease (LD), a tick-borne infection caused by pathogenic bacteria of the Borrelia burgdorferi group. It is currently the most prevalent vector-borne zoonosis in the temperate regions of the Northern hemisphere [START_REF] Kugeler | Estimating the frequency of lyme disease diagnoses, United States, 2010-2018[END_REF][START_REF] Sentinelles | Annuel Du Réseau Sentinelles[END_REF] and imposes a high economic burden [START_REF] Mac | The economic burden of lyme disease and the cost-effectiveness of lyme disease interventions: a scoping review[END_REF][START_REF] Van Den Wijngaard | The cost of lyme borreliosis[END_REF].

Complexity in LD resides in the uncertainty, unknown, and diverging knowledge as well as in the diversity of stakeholders involved in the prevention, diagnosis, and treatment, all of which put a growing burden on the French public health and healthcare systems [START_REF] Pascal | Emergence of lyme disease as a social problem: analysis of discourse using the media content[END_REF]. Approaches to control tick populations are diverse and include acaricides, landscape management, and control of hosts that feed reproductive adult ticks [START_REF] Cerny | Management options for ixodes ricinus-associated pathogens: a review of prevention strategies[END_REF]. No human vaccines are yet available [START_REF] Shaffer | Inner workings: lyme disease vaccines face familiar challenges, both societal and scientific[END_REF][START_REF] Comstedt | The novel lyme borreliosis vaccine Vla15 shows broad protection against borrelia species expressing six different ospa serotypes[END_REF]. LD typically evolves in three stages [START_REF] Iliopoulou | Lyme disease: symptoms, diagnosis and treatment[END_REF]: early localized stage, early disseminated stage, and late stage. The diagnosis is based on the combination of the patient's exposure to risk, clinical symptoms, and serological evidence [START_REF] Baker | Is it possible to make a correct diagnosis of lyme disease on symptoms zlone? Review of key issues and public health implications[END_REF]. The infection is treated with a 2-to 4-week course of antibiotics. Post-treatment Lyme disease syndrome (PTLDS) affects an estimated 10% of patients after they have been diagnosed and treated for LD [START_REF] Marques | Chronic lyme disease: an appraisal[END_REF][START_REF] Adrion | Health care costs, utilization and patterns of care following lyme disease[END_REF]. Uncertainties and controversies about LD diagnosis and management have led to alternative theories that promote alternative medical care based more on practical experience than scientific proof. In this context, the chronic stage of the disease has been described and named "Chronic Lyme disease" (CLD). The symptoms included are unspecific [START_REF] Horowitz | How Can I Get Better?: An Action Plan for Treating Resistant Lyme & Chronic Disease[END_REF] and occur at the same rate as in patients who were diagnosed with or self-identify as having CLD than in the average population [START_REF] Lantos | Chronic Lyme disease[END_REF][START_REF] Nilsson | A comprehensive clinical and laboratory evaluation of 224 patients with persistent symptoms attributed to presumed Tick-Bite exposure[END_REF]. Some healthcare practitioners prescribe long-term antibiotic courses with no proven efficacy [START_REF] Lantos | Chronic Lyme disease[END_REF].

In 2016, in the face of the disease's growing importance and supported by patient association action and press coverage, the French government launched a national action plan to improve the prevention, diagnosis, and treatment of LD and other tickborne diseases [START_REF] Mass | Plan National De Prévention Et De Lutte Contre La Maladie De Lyme Et Les Maladies Transmissibles Par Les Tiques[END_REF]. A first draft of the plan was elaborated by the French General Directorate for Health. It took into account the position of the High Council of Public Health, and the challenges identified by the service thoughtout discussions that occurred between 2013 and 2015 with medical and animal health experts and researchers, health security agencies, institutions, and associations. The draft was then reviewed by the different actors till it reached a point of stable consensus. The plan targets five axes and 15 actions. In what follows, we present how the CK approach can support public health authorities in moving beyond this plan to identify innovative research questions and key actions against LD, as well as to unearth innovative perspectives both for LD specifically and for public health policy design in general. The outcomes of the process were intended for public health authorities as well as potentially researchers, funding agencies, innovators, citizen association planners, and working on this topic.

Method General approach

We adapted the KCP approach to the context of the Lyme ecosystem, where participants had low availability, were geographically dispersed, and potentially conflicting. We adopted an iterative approach based on knowledge synthesis and exploration with LD experts and CK experts (Figure 1). The whole process was driven by two scientists, one researcher in LD ecology and one researcher in epidemiology and political sciences, both trained in innovative design.

The result of the exploration was illustrated by a CK diagram. A CK diagram is the visual representation of the "knowledge" and "concept" spaces used to explore a concept of interest. The space of "knowledge" is used to grow, organize, and visualize an interdisciplinary base of evidence concerning the topic of study. The space of concepts is used to examine the different design possibilities for the desired object based on factors, such as its characteristics, the actors involved, and how they act. To reflect this step-wise inquiry, concepts are organized in a branching structure. The CK diagram as a whole provides support for the identification of the most promising interventions and for missing pieces of knowledge.

We first created an initial CK diagram (CK0) by analyzing the French Ministry of Health "National Plan Against Lyme Disease" [START_REF] Mass | Plan National De Prévention Et De Lutte Contre La Maladie De Lyme Et Les Maladies Transmissibles Par Les Tiques[END_REF]. We worked on knowledge associated with the initial concept thanks to the literature search and the analysis of the list of research projects developed on LD ecology, epidemiology, or medicine.

The desirable object we wanted to reach, "An efficient National Plan Against Lyme Disease." The French national plan had five objectives and 15 "actions": 1) improve tick surveillance and improve tools to control the tick population. The following actions were identified: risk mapping, assessing the effectiveness of existing tick population management strategies, and assessing the effectiveness of tick repellants.

2) Improve the surveillance and prevention of tick-borne diseases. The following actions were identified: generalized tick surveillance, public information at trailheads, community education, and updating current public information materials.

3) Improve and standardize patient care. The following actions were identified: a coordinated review of tick-borne disease, a national protocol for the diagnosis and plan of care of patients with tick-borne diseases, and the establishment of criteria for the admission of LD as a recognized chronic illness, along with patient rights and a plan of care. 4) Improve diagnostic tests. The following actions were identified: evaluation of existing over-the-counter diagnostic tests and evaluation of the correct interpretation of diagnostic test results. 5) Leverage current research on tick-borne diseases. The following actions were identified: develop new diagnostic tests, better understand the variety of tick-borne pathogens, and establish a prospective patient cohort.

Literature search

For the literature search, we queried PubMed and Web of Knowledge from 2000 to 2017. In terms of prevention, we searched for tools that target ticks, humans, or animal hosts and classified them according to different principles (chemical, biological, genetic, microbiota, immunologic, environmental, behavioral, and pharmaceutic modifications). Regarding the plan of care, we looked for innovative diagnostic, treatment, and care based the terms "Lyme disease, " "Late Lyme disease, " "Post-Treatment Lyme Disease Syndrome, " and "Chronic Lyme Disease." We questioned whether the obtained knowledge pushed us to re-organize our entire thought process or openup concept exploration pathway and looked further for articles accordingly if relevant.

Research projects

We worked on a list of research projects, run by French research teams, that were active in 2016 and 2017 and that addressed LD, prevention, and ecology. We used the list compiled by the French Group on Ticks and Tick-Borne Diseases, which was created in 2004 to bring scientists from different disciplines to improve knowledge on ticks and tickborne diseases, as well as the Reference Center for Borrelia and the interviews. It was cross-checked for completeness against a list provided by the French Ministry of Health. Projects were mapped against the CK diagram to identify potential areas that were under-explored.

Interviews

All the materials (knowledge, project list, identified tools, draft CK diagram) were presented to the LD experts during individual semi-structured interviews. The experts for the interviews were purposefully sampled [START_REF] Palinkas | Purposeful sampling for qualitative data collection and analysis in mixed method implementation research[END_REF] to maximize the heterogeneity of fields of expertise and reflect the thematic diversity of the challenges posed by LD. We did not receive any refusals. We conducted 10 expert interviews with specialists in Borrelia biology and vaccine (n = 1), microbiology (n = 1), microbiota (n = 1), tick genetics and ecology (n = 1), forest ecology (n = 1), citizen science (n = 1), patient involvement (n = 1), infectiology (n = 1), public health policy (n = 2), in addition with two interviews with experts in innovative design. The key questions for the semi-structured interviews were 1) to complete the knowledge regarding possible and existing tools and the list of research projects, and 2) to expand the concept diagram with the new concepts or re-organize the diagram to better reflect or engender the creative process.

Finalization

We worked back and forth with CK experts and Lyme experts to identify the main concepts and draft a CK diagram. This allowed us to enrich our knowledge base and to work together with CK experts on a more advanced CK diagram. The approach, knowledge, and CK diagram were then presented to the General Health Division of the French Ministry of Health (DGS), which elaborated the national plan against LD. From their feedback and further work with CK experts, we finalized the diagram (CKf). The process was halted after 6 months when the CK diagram was stable through successive steps.

The issue of controllability of design processes is a critical issue, today addressed by advances in design theory [START_REF] Hatchuel | Design theory: the foundations of a new paradigm for science and engineering[END_REF]. The difficulty is in the control of the generative process. Usually, control is focused on the development process or, downstream, on the selection process. It is very difficult to have a "reference" "before" selection/decision that has no bias (or not too strong bias) in the generation process. It was proven that CK theory can provide a reasonable framework to control generativity before selection/decision [START_REF] Masson | Designing decisions in the unknown: a generative model[END_REF]. That is one of the reasons why we relied on design theory as a relevant method to control the generation of alternatives to the question of LD.

We used a qualitative evaluation of V2OR, commonly used in innovative design [START_REF] Agogué | An Introduction to Innovative Design: Elements and Applications of C-K Theory[END_REF][START_REF] Masson | Creativity and design reasoning: how C-K theory can enhance creative design[END_REF]. This method employs a set of four evaluation criteria that are adapted to concept generation: variety, value, originality, and robustness. Variety is obtained by avoiding the proliferation of too many similar ideas. Value refers to the identification of benefits that different actors would get from the innovation. The appearance of surprising properties and the renewal of objects' identity reflect high originality. Robustness refers to the reliability of concept paths, which can be assessed by determining concept resistance to changes in context and by the quality and quantity of knowledge associated with the concept.

Results

Input

Based on the French Ministry of Health's Action Plan against LD, we constructed the initial diagram CK0. In the concept part, improved prevention was then divided into control action on ticks or humans, whereas an improved plan of care presented developed actions on the new diagnostic test and new antibiotic treatments (see Figure 2).

The list of tools for disease prevention, the analysis of the current diagnostic process, and the knowledge around treatment knowledge obtained from the literature search are shown in Supplementary S1. Specifically, prevention tools concerned chemical use or modification of the genetics, microbiota, immunology, environment, neurological and behavioral properties of the target, as well as antibiotic tools. We modeled the itinerary of patients who questions whether they have Lyme in Figure 3. The final list of research projects that were active in 2017, consolidated by the interviews to address LD in France encompassed 18 projects. Most projects were pluriannual projects, with some having started in 2013 or 2014. Seven of them covered ticks and tick bites, three with Borrelia, microbiota, and co-infection in ticks, four with concerned knowledge, surveillance, and LD diagnosis, and four with vaccine and care questions (see Supplementary S2). Projects on LD were balanced across prevention, diagnosis, and treatment and across each way of answering challenges within those areas of work.

Identification of concepts and evolution of the diagram Issues in disease prevention

The prevention of a zoonosis is usually modeled according to its infective path, which includes acaricides to control the tick population, warning panels that inform the population of the risk of tick bite, and vaccination to prevent bacterial infection (CK0).

We found that, in general, tools or actions that target humans were either well-developed but not clearly effective or they were in development with the promise of being effective (Figures 4,5). The protectiveness of non-acaricidal tick repellants is debated and other actions, like the modification of skin microbiota, require further knowledge. While some tools themselves could be effective, they could prove ineffective in practice because they were used inconsistently, including tucking pants into socks, wearing light-colored clothes, and wearing long-sleeved shirts and long pants [START_REF] Mowbray | Ticking all the boxes? A systematic review of education and communication interventions to prevent tick-borne disease[END_REF]. Acaricide repulsive [START_REF] Pages | Tick repellents for human use: prevention of tick bites and tick-borne diseases[END_REF] and information tools on risk knowledge and tick-proof behavior are two examples of effective tools [START_REF]Critical Needs and Gaps in Understanding Prevention, Amelioration, and Resolution of Lyme and Other Tick-Borne Diseases: The Short-Term and Long-Term Outcomes: Workshop Report[END_REF]. Furthermore, solutions that target humans include vaccines, which are promising both in terms of effectiveness and their minimal impact on the environment. Vaccines that target ticks have the advantage of blocking pathogen transmission [START_REF] Merino | Tick Vaccines and the control of tick-borne pathogens[END_REF]. The increased sensitivity to tick bite would help to localize the tick earlier and thus remove it before transmission but requires further knowledge. Regarding preventing the disease while transmitting, vaccines against LD will have to address two challenges: efficacy and vaccine hesitancy, which has been a long-standing challenge, the most recent illustration being the COVID-19 vaccine [e.g., [START_REF] Plotkin | Need for a new lyme disease vaccine[END_REF][START_REF] Nardelli | Human Lyme disease vaccines: past and future concerns[END_REF][START_REF] Tram | Deliberation, dissent, and distrust: understanding distinct drivers of coronavirus disease 2019 vaccine hesitancy in the United States[END_REF]]. Systemic treatment after tick bites (one single dose of doxycycline) has proved to be effective against erythema migrans occurrence (44). However, French guidelines do not recommend antibiotic prophylaxis for the prevention of LD in endemic areas because the number of patients to be treated in order to avoid one case of erythema migrans would be as high as 50 [START_REF] Warshafsky | Efficacy of antibiotic prophylaxis for the prevention of lyme disease: an updated systematic review and meta-analysis[END_REF].

Finally, studies showed that it was possible to map acarological risk at a landscape or regional scale [e.g., [START_REF] Diuk-Wasser | Human risk of infection with Borrelia burgdorferi, the lyme disease agent, in eastern United States[END_REF]]. These studies prompted the development of projects for apps that provide relevant estimates of the density of questing ticks so that people could be made aware of "high-risk" areas.

Actions that target actors other than humans were either effective and had a measurable but negative impact on the environment, or both their effectiveness and impact on the environment were unclear. The ones that have a known, unwanted impact on the environment are acaricides. Their effectiveness on ticks is demonstrated but difficult to implement over the long term [START_REF] Jordan | Ability of three general-use pesticides to suppress nymphal Ixodes Scapularis and Amblyomma Americanum (Acari: Ixodidae)[END_REF](48)[START_REF] Carroll | Control of Ixodes Scapularis and Amblyomma Americanum through Use of the '4-Poster' Treatment Device on Deer in Maryland[END_REF][START_REF] Carroll | Sustained control of gibson island, maryland, populations of Ixodes Scapularis and Amblyomma Americanum (Acari: Ixodidae) by Community-Administered 4-Poster Deer Self-Treatment Bait Stations[END_REF]. Furthermore, they can have sublethal effects on non-target species, such as pollinators or aquatic organisms [START_REF] Hladik | Environmental risks and challenges associated with neonicotinoid insecticides[END_REF]. Landscape management, especially working in forested areas [START_REF] Williams | Effects of Japanese barberry (ranunculales: berberidaceae) removal and resulting microclimatic changes on ixodes scapularis (Acari: Ixodidae) Abundances in Connecticut, USA[END_REF][START_REF] Tack | Shrub clearing adversely affects the abundance of Ixodes Ricinus ticks[END_REF][START_REF] Verheyen | How Can Forest Managers Help to Reduce the Risk for Lyme Borreliosis?[END_REF], and control of deer populations (55) are other techniques but they have to be considered in a whole socio-ecosystem approach (56). The tools that have an unknown impact on LD and/or on the environment include genetically modified hosts and their vaccination (King 2016, Brooks 2016 gray reference in Supplementary S1) and tick pathogens and predators, such as entomopathogenic fungus and wasps [e.g., [START_REF] Hartelt K | Biological control of the tick Ixodes Ricinus with entomopathogenic fungi and nematodes: preliminary results from laboratory experiments[END_REF][START_REF] Samish | Biological control of ticks[END_REF]]. It is unclear that genetically modified rodents would have a significant effect on tick populations, especially if they are released in an open ecosystem with other hosts [START_REF] Jacquot | Comparative population genomics of the Borrelia Burgdorferi species complex reveal high degree of genetic isolation among species and underscore benefits and constraints to studying intra-specific epidemiological processes[END_REF], given that ticks have a much longer lifespan than 

FIGURE

The concept part of the "improved prevention" partition of the CKf. In green, the names of the identified projects listed in Supp. Mat. In blue, the name of networks or products in development.

mosquitoes. The long-term effects of tools acting on other than humans may be politically unacceptable (e.g., culling of deer, deforestation) or very creative and perhaps important to the progress of technology (e.g., permanently immunized mice, GMO ticks), but they are considered impractical due to the difficulty of raising ticks, the important diversity of hosts and bacteria reservoirs and the complexity of the bacteria's ecosystem.

Thus, the CK diagram evolved from CK0 with splitting with action on humans or other than humans and introducing the notion of effectiveness, acceptability, and usage to each path (Figure 4). Regarding the actions on non-humans, we introduced the concept of a healthy ecosystem or microbiota to underline the consideration of the whole system while searching for preventive actions.

Issues of the plan of care

The analysis of the literature and the interviews led us to present the patient journey as different steps that can either lead to successful experience or unsatisfactory experience (Figure 3). It qualified symptoms of CLD as an issue that necessitates attention regardless of the evidence, or lack thereof, of the cause of the symptoms (Figure 6).

We organized the concept diagram with a split between changing the patient care pathway and the perception of patients and disease. The improvement of diagnosis with no changes in the current tools calls for better integration of the different sources of information (physical examination, patient history, or local knowledge of risk). Diagnostic tools for LD include serology, intrathecal synthesis of specific anti-Borrelia immunoglobulin, and PCR. The dosage of CXCL13 in the cerebrospinal fluid may be promising but would require subsequent evaluation [START_REF] Tv | The usefulness of two Cxcl13 assays on cerebrospinal fluid for the diagnosis of lyme neuroborreliosis: a retrospective study in a routine clinical setting[END_REF]. The use of a prophage-targeting PCR for LB diagnosis is under development [START_REF] Shan | Targeting multicopy prophage genes for the increased detection of Borrelia Burgdorferi Sensu Lato (S.L.), the causative agents of lyme disease, in blood[END_REF]. In addition to those that are developed for a medical environment, new diagnostic tools could be developed to be usable directly by citizens. Over-the-counter diagnostic test kits have been shown to be inaccurate [START_REF] Cook | Commercial test kits for detection of Lyme borreliosis: a meta-analysis of test accuracy[END_REF].

Regarding the improvement of treatment, concepts that do not target change in the current antibiotic protocol have been identified along the patient journey. The first concept was to develop protocols to specifically prevent re-infection. To our knowledge, no study has been undertaken that looks into the rates of re-infection in France or the types of people who experience re-infection. Such information could be used to plan projects that mitigate such risks. A second concept would be to improve the patient's understanding of how their own care has been successful. This calls for an improvement in the patient's understanding of their own health status. The other branch regarding the improvement of treatment concerns the testing of new antibiotic protocols or alternative molecules, which include peptides, predatory bacteria, CRISPR, and metals [START_REF] Zucca | The post-antibiotic era: promising developments in the therapy of infectious diseases[END_REF], as well as an anti-Borrelia phage (64) and characterize their efficacy. It also concerns the development of new protocol for Lyme patients with chronic symptoms.

Concepts regarding the change in the perception of patients and disease addressed the knowledge and the diagnosis status. These concepts were linked to increasing the medical attention to patients with programs that foster their knowledge or involvement in the plan of care, such as co-design plan of care protocol and education to bring the patient to a certain level of expertise. The other concepts concern the care of patients with chronic symptoms independently of Lyme diagnosis. This requires points of entry for multidisciplinary, follow-up, and long-term care.

V OR criteria

The set of concepts that emerged from the analysis demonstrated a high level of variety because they covered the whole CK diagram. Variety also manifested itself in the crossdisciplinary nature of many concepts. For instance, the concepts of effectiveness in preventive actions and health ecosystems require the mobilization of several disciplines. The innovation design process gets most of its value from presenting different ideas based on different disciplines toward a common goal. Thus, it can help different actors build prospective plans of actions. As for originality, few propositions questioned the identity of objects. For instance, the concept of improving the patient's condition regardless of the Lyme diagnosis questions the patient's identity. Indeed, the consideration as the patient does not rely on objective tests, but rather on the overall conditions. The involvement of citizens questions their role as experts or citizen scientists. As well, the importance to consider the impacts of preventive measures on the environment is questioned at what level in a socio-ecosystem a health common goal should be defined. The robustness of the output of the design process is the most difficult to objectify. It is likely that introducing new knowledge (e.g., new health community prevention approach, new vaccine) or shifting ecological conditions (e.g., accentuated climate change, evolution of bacteria or ticks) would modify outcomes. That said, what is proposed in the current CK diagram would remain relevant.

Discussion

Four main areas

In the context of ever more complex public health challenges, innovation and multidisciplinary collaboration are desirable but often difficult to achieve. We mobilized CK design theory to identify innovative, cross-sectoral, and crossdisciplinary actions or research questions that address the challenges posed by LD in France. Based on the initial concept of an "efficient plan against LD, " we separated strategies that belong to the realm of prevention and those that belong to the realm of the plan of care, as for the initial national plan of 2016. The analysis of the CK diagram highlighted four main areas: (i) the integration of effectiveness in prevention actions; (ii) the integration of environmental sustainability in prevention actions; (iii) the promotion of constructive involvement of citizens in Lyme challenges; and (iv) the development of care protocols for chronic conditions with an unknown diagnosis.

(i) The integration of effectiveness in actions against LD

FIGURE

The concept parts of the "improved plan of care" partition of CKf. In green, the names of the identified projects listed in Supp. Mat. . In blue, the name of networks or products in development.

Our analysis of the prevention partition showed that many research projects addressed prevention, from action on the environment to vaccines. One step to make them more operational would be to improve the integration of effectiveness in the concepts, i.e., availability, acceptability, use, and efficacy of the proposed concept. This requires understanding how citizens get access to information, integrate it, and modify their behavior [START_REF] Slunge | Learning to live with ticks? The role of exposure and risk perceptions in protective behaviour against tick-borne diseases[END_REF][START_REF] Eisen | Barriers to effective tick management and tick-bite prevention in the United States (Acari: Ixodidae)[END_REF], such as what has been developed for malaria prevention where for instance, an approach combining mass and interpersonal methods result in the positive improvement of prevention [e.g., [START_REF] Santos | Malaria education interventions addressing bed net care and repair practices: a systematic review[END_REF][START_REF] Yang | A meta-regression analysis of the effectiveness of mosquito nets for malaria control: the value of long-lasting insecticide nets[END_REF]]. Septfons et al. [START_REF] Septfons | Increased awareness and knowledge of lyme borreliosis and tick bite prevention among the general population in france: 2016 and 2019 health barometer survey[END_REF] reported a trend toward increased knowledge and awareness of tick bites and LD from 2016 to 2019 in France. Indeed, in 2016 66% of participants had heard about LD. They were 79% in 2019. In 2016, 29% of them considered themselves well-informed. The percentage grows up to 41% in 2019. An illustration from our work of a concept that better-highlighted behavior change would be "Installing warning panels at trailheads associated with an effective strategy to make sure that people can follow the recommendations." This calls for adapting tools to citizen use and understanding the way they perceive their health (70) by associating acarologists with social scientists and ergonomists. Another example would be the development of tick-proof clothes to make sure that they are worn, which suggests possible innovative private-public partnerships. The last example concerned the acarological risk. The information actually depends mainly on research initiatives that model and map acarological risk. From a public policy perspective, France is lacking a national surveillance policy of acarological risk that integrates long-term monitoring, the combination of various sources of information (e.g., citizen data, modeling, active sampling), as well as the needs and expectations of the end-users (stakeholders, citizens, researchers, etc.) [START_REF] Clow | A framework for adaptive surveillance of emerging tick-borne zoonoses[END_REF][START_REF] Eisen | Tick and tickborne pathogen surveillance as a public health tool in the United States[END_REF]. The surveillance associated with spatial decision instruments could provide enhanced support for decision-making and management. Such tools have been successfully used for malaria elimination in a variety of countries [START_REF] Kelly | Malaria elimination: moving forward with spatial decision support systems[END_REF].

With regards to the plan of care, bringing to the patient a better comprehension of their health status would help them to present quicker to the doctor and to better understand the course of the plan of care. Indeed, there is a disruption between the medical and the patient's point of view regarding their health status, especially with chronic symptoms [START_REF] Dumes | Lyme disease and the epistemic tensions of "medically unexplained illnesses[END_REF]. Tools focusing on the knowledge of the patient's own health status are already developed with diseases that require self-care on the part of the patient (e.g., patient decision cards, biofeedback, smartphone apps. . . ) [START_REF] Nishiguchi | Selfassessment tool of disease activity of rheumatoid arthritis by using a smartphone application[END_REF][START_REF] Subramaniam | The performance of osteoporosis self-assessment tool for Asians (Osta) in identifying the risk of osteoporosis among malaysian population aged 40 years and above[END_REF]. Some tools are being developed to identify erythema migrans from pictures based on deep learning approaches [START_REF] Burlina | Skin image analysis for erythema migrans detection and automated lyme disease referral[END_REF]. They face the challenge of taking into account skin color, picture quality, and finding the right decision criteria for informing end-users of a potential risk (e.g., which likelihood of erythema migrans to consider? How to consider the information of risk exposure). They may provide means for patients to report information when consulting doctors (appropriate picture, indication of time and location, etc.) [START_REF] Letertre-Gibert | Lyme snap: a feasibility study of on-line declarations of erythema migrans in a rural area of france[END_REF]. A better knowledge of health status also leads to educating patients in treatment for LD about risk factors and prevention [START_REF] Nadelman | Reinfection in patients with lyme disease[END_REF].

(ii) The integration of environmental sustainability in prevention actions on LD

The analysis of prevention targeting other living beings called for better integration of ecosystem sustainability from a One Health perspective. The concept is not so much to outline the importance of considering animal reservoirs [START_REF] Vayssier-Taussat | How a multidisciplinary 'one health' approach can combat the tick-borne pathogen threat in Europe[END_REF], but rather to move our common goal of prevention from Lyme prevention to a healthy sustainable ecosystem for all living organisms [START_REF] Keesing | Impacts of biodiversity and biodiversity loss on zoonotic diseases[END_REF]. It calls for cross-sectoral and multidisciplinary approaches [START_REF] Destoumieux-Garzon | The one health concept: 10 years old and a long road ahead[END_REF] and leads to research questions regarding the relationship between biodiversity and health at the level of ecosystem or microbiota [START_REF] Keesing | Dilution effects in disease ecology[END_REF][START_REF] Kocher | Biodiversity and vector-borne diseases: host dilution and vector amplification occur simultaneously for amazonian leishmaniases[END_REF][START_REF] Bonnet | Update on the intricate tango between tick microbiomes and tick-borne pathogens[END_REF]. One could imagine designing a "healthy biodiverse territory with no tick-borne transmission" that would be a concrete field laboratory. It could be, for instance, a delimited area, which would concentrate all knowledge and actions on Lyme prevention and plan of care (information, study of efficacy, ecosystem management, diverse prevention tools, etc.). This would require multidisciplinary and multisectoral efforts.

(iii) Promotion of the constructive involvement of citizens in Lyme challenges Citizens are key in the LD ecosystems. They can be involved in data collection in citizen science programs (e.g., CiTIQUE) to patient organizations that advocate for a different plan of care. Citizen knowledge of LD prevention and care can modify their own behavior but also that of their relatives because people who are sick are very sensitive to advise from relatives. Our work highlights citizen involvement as a tool to move from confrontation to cooperation [START_REF] Saout | La lutte contre le sida: le face à face de l'état et des associations[END_REF][START_REF] Dalgalarrondo | Quelle place pour les associations de malades dans le processus d'innovation medicamenteuse? Le cas des maladies rares[END_REF]. From data collection to the co-design of prevention or plan of care with expert patients, all these examples of citizen involvement open a new realm of questions that are particularly important in health sciences. We need to further understand the conditions that favor co-design, the learning steps citizen, and how different types of knowledge can be positively combined.

(iv) The development of care protocols for chronic conditions with unknown diagnosis

In 2017, the mindset stated that patients were either positive or negative for LD. Patients who were positive got treatment. Patients who were negative got shuttled into a different part of the healthcare system. This dichotomy breaks down, particularly for people identified at risk, whose infectious status is yet unknown, and people who are clearly unwell with chronic symptoms but do not clearly have LD and do not have a clear path in the healthcare system. As for other chronic conditions for which the physio-pathological pathway is unknown and the plan of care not clearly defined, such as fibromyalgia, chronic fatigue, or long COVID-19, patients with a "diagnosis" of Chronic LD suffer from medical wandering that leads to poor management of the disease, psychological distress, and increased cost of healthcare [START_REF] Ali | Experiences of patients identifying with chronic lyme disease in the healthcare system: a qualitative study[END_REF][START_REF] Megari | Quality of life in chronic disease patients[END_REF][START_REF] Wright | Summary of evidence-based guideline: complementary and alternative medicine in multiple sclerosis: report of the guideline development subcommittee of the american academy of neurology[END_REF][START_REF] Yelin | Escmid rapid guidelines for assessment and management of long covid[END_REF]. Projects that look at the concept of improvement of patient conditions regardless of the LD diagnosis might draw from previous research in these areas. These projects must be cost-effective for the healthcare system and affordable for the patients [START_REF] Beal | Affordability in individuals' healthcare decision making: a concept analysis[END_REF]. The creation of five Tick-Borne Diseases Reference Centers (TBD-RC) in France in 2019 was a step forward in this direction. A multidisciplinary team of experts makes it possible to establish a differential diagnosis and to propose adapted care. Somatoform disorders can benefit from psychological support and adapted rehabilitation. In this context, Raffetin et al. [START_REF] Raffetin | Multidisciplinary management of suspected lyme borreliosis: clinical features of 569 patients, and factors associated with recovery at 3 and 12 months, a prospective cohort study[END_REF] outlined that 70% of the 569 patients who consulted at the center were finally diagnosed with another pathology. Thus, the TBD-RC received a majority of patients who did not have LD.

Developing care protocols for chronic conditions regardless of Lyme diagnosis requires a change in the perception and action of both patients and physicians. The patients need to be able to reconsider the diagnosis (CLD) in which they sometimes strongly believe. Despite the lack of a diagnosis, physicians need to accept and recognize the patient's suffering. It means moving from a disease approach to a syndromic approach, related or not to tick bites. Physicians need improved support to manage this type of syndrome, which is surrounded by unknowns and uncertainties with low scientific evidence. For that purpose, care protocols should be proposed based on multidisciplinary approaches, research protocols, and allopathic and non-allopathic approaches such as rehabilitation.

Limitations of the study

Our application of CK theory is not an evidence-based and data-driven demonstration of the value of CK theory as a creative tool in the design of public health programs, but rather a pilot application to illustrate the possibilities in a given and limited context.

The distinction between prevention and plan of care stayed stable through successive steps of our study, perhaps pointing to a cultural bias in the literature or for the meta-syntheses and in the sample of interviewees. The CK diagram and design process could be completed by another branch "Simultaneous prevention and plan of care." Some ideas that may be fostered by considering this point of view have already been highlighted, such as strategies for systemic treatment after tick bite [START_REF] Harms | A single dose of doxycycline after an Ixodes Ricinus tick bite to prevent lyme borreliosis: an open-label randomized controlled trial[END_REF] and the strategies to mitigate re-infection. Questioning the dichotomy between prevention and treatment could have value beyond LD as it touches on broad public health and healthcare challenges of improving the affordability, efficacy, and quality in the care of patients with chronic disease or mental health issues. The scope of our study and our access to new expertise limited our ability to look into these concepts in an in-depth manner. Future applications of CK analysis in the public health field might address this possible bias by including dedicated literature and experts in processes.

The number of experts we interviewed was relatively limited but we chose to cross-analyze the output of the expert interviews with the literature and the project analysis. Thanks to our iterative process, we were able to consolidate and complement the information from the different sources and stop the process when the CK diagram was stable with no major new information [START_REF] Tong | Consolidated criteria for reporting qualitative research (Coreq): a 32-Item checklist for interviews and focus groups[END_REF]. Nevertheless, exploring more deeply the proposed solutions can require the mobilizing of new experts who can expand the available knowledge.

We reached what we could call a referential of concepts that address LD issues. We did not develop to the project phase, where concepts are selected for their potential interest and the means needed to address the selected concepts are identified, i.e., which actors should be involved, what steps should be planned, what resources are needed, what research would be relevant, etc. At this stage, the feasibility of each path could not be proven, i.e., solutions that might call for additional work. The same is valid for the translational potential: the "market" or "user value" could not be proven, and at the same time it was also impossible to prove that there was no value.

Altogether, the type of work we conducted could contribute to the cost/benefit analysis of public health and medical measures in several ways. First, for each innovation path, it is possible to have a specific cost/benefit analysis adapted to the specific proposed innovation. Second, this type of analysis can underline new possible benefit criteria or cost criteria that should be taken into account in future. For instance, this work highlighted the potential benefit of a database of well-recorded images of erythema migrans and their evolution over time. Third, the cost/benefit analysis of the study itself could be estimated: the cost is non-negligible (e.g., several of man.month) and the benefit has to be estimated in terms of (i) a clearer picture of the innovation field (variety of approaches, of expertise,. . . ) that encompasses more directions than the National Plan against LD, (ii) capacity to monitor the variety of projects, led by a variety of institutional actors (research institutes, companies, practitioners. . . ), and (iii) identification of paths that are orphan of any exploration and design efforts and yet might be relevant for the society. Although difficult to quantify, the overall benefit seems high and obtained at a relatively limited cost.

Perspective-conclusion

Two reports elaborated by groups of French parliamentarians were published in 2021. They addressed the funding and efficacy of, for one the action plan against LD and for the other the plan of care for patients [START_REF] Louwage | Rapport D'information De L'assemblée Nationale Relatif Au Financement Et À L'efficacité De La Lutte Contre La Maladie De Lyme[END_REF][START_REF] Descoeur | Rapport D'information De L'assemblée Nationale En Conclusion Des Travaux De La Msision Sur La Maladie De Lyme: Améliorer La Prise En Charge Des Patients[END_REF]. They pointed out the necessity to continue the actions of the 2016 plan with regards to information campaigns, awareness of acarological risk, and tick surveillance; the need to structure the patient journey from the generalist to the TBD-RC; and the need to increase fundamental knowledge on tick-borne and chronic symptoms associated with Lyme. Both reports highlighted the necessity for increased funding and inter-sectoral action. Our work goes beyond these recommendations toward a broader perspective together with a better understanding of the link between the different concepts. From a design point of view, by working on topics while freeing ourselves from fixation and known contention, we changed the identity of some objects, such as the patient identity, the citizen involvement, and health common goal (from population health to ecosystem health). This means integrating ecological sciences and humanities from the start as well as valuing a multidisciplinary approach to patients' medical journey. The process could be further pursued to help guide a group learning process that made intentional space for expert and local knowledge [START_REF] Pluchinotta | Design theory for generating alternatives in public decision making processes[END_REF]. CK theory could be a promising frame to assist public health professionals design programs in complex, yet urgent contexts where research and data collection are not yet sufficient to provide clear guidance.
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  FIGUREMethodological approach to build the concept-knowledge (CK) diagram to identify innovative research that would be developed to fight Lyme disease in France. LD, Lyme disease; C, concept; K, knowledge; ITW, interviews; DGS, Direction Générale de la Santé (Health General Division of the French Ministry of Health).
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