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Abstract
Introduction. The slow adoption of innovation into healthcare calls into question the manner of evidence generation for medical technology. This paper identifies potential reasons for this including a lack of attention to human factors, poor evaluation of economic benefits, lack of understanding of the existing healthcare system and a failure to recognise the need to generate resilient products. 
Areas covered. Recognising a cross-disciplinary need to enhance evidence generation early in a technology’s life cycle, the present paper proposes a new approach that integrates human factors and health economic evaluation as part of a wider systems approach to the design of technology. This approach (Human and Economic Resilience Design for Medical Technology or HERD MedTech) supports early stages of product development and is based on the recent experiences of the National Institute for Health Research London Diagnostic Evidence Co-operative in the UK. 
Expert commentary. HERD MedTech i) proposes a shift from design for usability to design for resilience, ii) aspires to reduce the need for service adaptation to technological constraints iii) ensures value of innovation at the time of product development, and iv) aims to stimulate discussion around the integration of pre- and post-market methods of assessment of medical technology.
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1. Introduction 
The slow adoption and diffusion of medical technology (MT) into healthcare systems remains a significant challenge [1-5].  This is reflected in national appraisals, such as the Accelerated Access Review (AAR) in the UK [5] and research by Canada’s Institute of Health Economics (IHE) [2]. The AAR aims to support the UK in becoming a world leader in the design, development and deployment of such innovation [5] whilst the IHE has created guidance by way of frameworks and toolsets which enhance diffusion and end-user acceptance of approved healthcare technologies [2]. In addition to this, the National Institute for Health and Care Excellence (NICE) and NHS England are seeking to introduce fast-track appraisals of healthcare innovation [4]. Such initiatives demonstrate the need to improve innovation and adoption in health care systems, yet many barriers still exist. 
Barriers published in recent literature include a recent evaluation of the experience of clinical staff which found five major categories that affected the implementation process of MT: decision-making, impact on practice, the perceived value of the technology, the existence of technology facilitators and barriers to implementation [3]. Additionally, a systematic review assembled a wide range of technical, social and organizational factors that should be considered when attempting to ensure that technological innovation can bring benefit to both individuals and organizational processes [1]. Individual case studies have shown a need for a shared understanding of the purpose, value and benefits of MT – not only to ensure an incorporation of the technology within a context but also to overcome barriers to implementation [6]. In addition to these studies, the ‘how-to’ knowledge of an innovation was found most important by more than 109 clinical stakeholders in eleven acute care organisations in ensuring the adoption and diffusion of new technology [7]. 
These studies demonstrate the lack of a ‘one-size-fits-all’ solution for the effective and rapid adoption and diffusion of new MT within healthcare systems. New ways of addressing the issue and streamlining this process are required. 
The need to address this area is reinforced by recent international initiatives [8,9] (http://www.eunethta.eu/; http://www.medtechta.eu), research in the area of Health technology assessment (HTA) [10-12] and industry-facing research experience of the National Institute for Health Research (NIHR) Diagnostic Evidence Co-operative (DEC) London which aims to provide decision-makers with sufficient evidence at early stages of device design to enable the adoption and diffusion of MT in healthcare systems.  The ability to adopt and diffuse MT often requires an adaption of the clinical environment as well as the re-allocation of resources to maintain healthcare service quality [13]. Most initiatives focus on the adaptation of systems and stakeholders to ensure adoption and diffusion of approved technology. This paper argues that the focus on approved technology is too late in a technology’s life cycle to generate appropriate evidence to facilitate adoption and diffusion. It proposes a new framework to improve this through the generation of evidence at early stages of product development. Though focused on the UK NHS and MT, in particular in-vitro diagnostic (IVD) tests at the point of care (POC), this framework is intended to support evidence generation in any setting and for any type of innovation. 
To support evidence generation at early stages, this paper introduces a new approach: Human and Economic Resilience Design for Medical Technology (HERD MedTech). HERD MedTech aims to integrate human factors and health economics, which currently determine the value of new technology separately. In addition, the evaluation of value human factors and health economics serve different goals. The former aims to inform device development whilst the latter  aims to inform regulatory decisions to enable market approval as well as reimbursement [14]. This paper suggests that these goals may be better achieved if human factors and health economics were to jointly inform value. HERD MedTech aims to support researchers in human factors and health economics to integrate their methods and outputs in order to jointly engineer value of new MT. Appendix A illustrates the application of this integrated approach.
1.1. Resilience and healthcare systems
Healthcare systems are complex systems that include patients, health care personnel, processes, policies and technologies that are constrained within functional units such as wards, departments, hospitals and management and administrative hubs [15,16]. Components of a system must work proficiently together to ensure appropriate performance of the healthcare service. In working proficiently alone and together, components can be said to be resilient and supporting the delivery of a resilient healthcare service, respectively. Resilience has been defined as the art of managing the unexpected or coping with surprises [17]. It is considered the ability of systems to survive challenges before returning to usual operations [18]. At an organizational level, resilience is defined as the ability to “anticipate, prepare, respond and adapt” to events [19]. Engineers consider an organisation to be resilient if it is able to adjust its functioning before, during, and after expected and unexpected events. A service fails to be resilient if it is unable to cope with this complexity [20]. Resilience must also be endemically owned by the system. For instance, resilience in an individual can be described as a person’s coping mechanism in the presence of stressful events. People have different levels of resilience, however, resilience may also be learned and promoted within an individual [21]. In the same way, resilience can be designed for and implemented into components of a service [22] (e.g. MT and equipment) to meet environmental constraints.
Currently, environmental constraints are met through the adaptation of workflow, policies, guidelines as well as the acquisition of new technology and personnel to maintain a level of resilience in a local environment. Less frequently, components designed outside the healthcare service such as MT are either modified in the field or used off-label [23]. These adaptations are under the control of those who work within the healthcare environment. However, whilst the modification of internal components may be trialled and validated, modification and off-label use of commercially available MT may expose patients and healthcare professionals to unpredicted risks in use of the adapted technology [23,24].
It is likely that the need for technology modifications and off-label use is due to developers of MT i) not fully considering the needs of healthcare environments and services during the product development stage and ii) not reacting to changes and emerging needs of these environments. The needs that are not fully considered are then left to healthcare professionals to meet by adapting service, including the use of additional resources to ensure the appropriate application of innovation. However, these technological adaptations may meet only local needs. Using such methods to meet local needs may expose healthcare professionals and patients to the use of unsafe technology as well as ethical and legal risks [23,24]. 
To avoid the need for healthcare professionals to take on this responsibility [25], this paper proposes a shift from designing for usability to designing for resilience. MT designed for resilience may have a better fit and an increased ability to adapt to appropriate clinical contexts thus mitigating the need for service adaption as well as technological adaption of acquired technology [22]. Considering this, there is an increasing need for new methods to support resilient design of MT. Such technology will need to be adaptable, accessible, usable and scalable so they are reliable and secure in different contexts of use [22].

2. The need to design for resilience 
2.1.  From usability and risk to resilience design
MT development is a heavily regulated area. The appropriate application of human factors methods will support the development of safe and usable medical technologies within a user-centred design approach [26]. User-centred design includes device design requirements and specification; stakeholder needs analysis; development and assessment of user guidelines and manuals of use; specification of intended and abnormal use definition; risk and safety assessment; and the interaction performance analysis (i.e. understanding and predicting such factors as the learning curve and usability.) 
Devices approved by regulators, such as “Conformité Européene" (CE) marking in Europe and the Food and Drug Administration (FDA) in the US, must demonstrate safety and usability [26]. This includes simulation of use to measure effectiveness, efficiency and satisfaction in the use of a device within a specific context [27]. 
During the life cycle of product engineering, several phases of design-assessment with experts or user-based evaluation methods [26] are used to enhance the functionality, the usability and safety of a new device. End-user evaluation is a strategic part of safety and usability assessment which utilises simulated scenarios designed to elicit end-user insights that inform product design [28]. These scenarios aim to represent realistic contextual constraints, tasks, and objectives that participants work within [29]. Scenarios for usability testing enable the assessment of reliability as well as safety in use of a MT. However, it is the ability of these scenarios to represent reality that ensures the overall quality in use of the device during development. As Blandford and colleagues [30] explain, usability testing is based on the assumption that devices are used “as imagined” i.e. simulated scenarios enable the use of the new technology under specific conditions and only for the intended purposes of the designer. However, there are many reasons why a device may be used differently to ‘as imagined’. In fact, the healthcare context can vary substantially between and within hospitals due to local guidelines, policy and protocols as well as the experience of those working within an environment i.e. context of use. Therefore, there is a gap between ‘imagined use’ (by designer) and ‘work as done’ (by healthcare professionals). For this reason, there is a need to move from the creation of scenarios based on ‘imagined use’ of the technology to scenarios that predict ‘work as done’ for technology in development.  
Scenarios based on this prediction of ‘work as done’ should take into account how healthcare professionals currently perform tasks within a healthcare system including current needs, gaps and barriers to adoption. Several publications have alluded to the idea that scenarios based on ‘imagined use’ are lacking and need to be enriched by generating evidence of current practice [28,30-33]. This gap in imagined and actual use may explain why some devices can face major barriers to adoption in some contexts but success in others [34]. It may also explain why some devices assessed as usable and safe, once in the field, lead to unexpected errors in use. For example, in 2012 approximately 206,000 infusion pumps were recalled by the FDA due to a design that did not consider the problems that may occur when the power button sat close to the infusion pump’s initiation button. This led to infusion pumps being accidentally turned off rather than the initiation of drug infusions, as intended by operators [35]. Similar issues have led to recalls by the FDA for a wide spectrum of devices with different levels of complexity from simple catheters [36] to complex devices such as diagnostic imaging [37]. Regulatory agencies such as the FDA are transparent in the reason for recalling medical devices [38], and this information can be found on their open access websites. Hence, there is a growing need for the formal incorporation of human factors into HTA as well as the design and execution of clinical studies to prevent such problems from surfacing only at the latter stages of device development. This integration will ensure process impacts are appropriately assessed [31,39,40], incorporated into the design specification as well as user guidelines to improve the likelihood of adoption and diffusion between contexts. 
ISO 62366 (2015) demonstrates that “design for risk control” and “design for usability” are prioritised by developers, and considered an end point to comply with requirements for market approval. However, in tune with the standard definition of usability [27], the use of technology and its associated risk are contextually dependent properties, where the context is defined as: “Users, tasks, equipment (hardware, software and materials), and the physical and social environments in which a product is used” [27]. Therefore, the quality of the final device is usually dependent on the ability of designers to gather information about the real context of use and to use this information to adapt the device functioning and features. Nevertheless, the design of a high quality device does not equate to a high level of adoption [41,42]. Due to this, the present paper proposes a shift from design for usability and risk control, to design for resilience. 
Designing for resilience means to design usable and safe devices that require a minimum amount of service adaptation to enable adoption and diffusion within various healthcare systems – regardless of context. This includes the designed ability of a new device to bring value to a healthcare system i.e. to improve clinical effectiveness, efficiency and satisfaction of a service [43,44]. With this perspective, the usability and safety of a product is only one component of the overall customer value chain analysis [45] which aims to define the value of the product’s use by assessing i) user needs, ii) the associated costs and iii) the impact of the device for the specific market and environment of use.

2.2. From cost effectiveness to value engineering
National recommendations for the adoption of MT are based on the projected value the technology may bring to healthcare systems. National bodies in most of Europe as well as Canada and Australia are dependent on HTA to evaluate the health and economic benefit a new technology brings to their healthcare system. Value propositions at market access detail the benefits an innovation brings to a clinical context. The generation of a value proposition runs concurrently with the development of the technology in engineering [45] where changes in design are likely to lead to changes in application (and hence potential impact) of MT. Health technology assessments, on the other hand, occur at a point in time when the device cannot be altered. As the aim of healthcare systems is to improve population health [46], it is important to ensure healthcare resources are used efficiently to produce health [47]. Hence, the value of an innovation may be estimated by the amount of health it is able to achieve per unit of currency [48,49]. 
Health economics aims to determine the value of innovation in comparison to current practice. The difficulty of measuring healthcare value was described by Arrow [50] who observed that, due to the existence of uncertainty in the incidence of disease as well as the efficacy of treatment, resource allocation can be inefficient within healthcare systems. Health economics seeks to quantify the uncertainty that exists in the measurement of health and economic impact through the comparative analysis of alternative courses of action [12]. The use of resources that lead to a change in health outcomes are identified, thereby enabling the cost of alternative courses of action, and their consequences, to be quantified. However, guidance in how to execute these evaluations are lacking. Only five institutions in an international evaluation of institutions carrying out HTAs had developed guidance specific to the evaluation of MT. Of the nine documents identified, five focused on diagnostics [14].
Guidance is required for MT because, unlike pharmaceuticals products, the impact of MT is indirect. The quantification of this indirect impact has been identified as a key methodological issue in the economic evaluation of MT [12]. Also, once adopted into clinical settings, the application of MT may differ between specialities, departments and even users. This variability in use increases the uncertainty of the health and economic impact of the MT and hence the ability to value such impact [11,12]. 
The importance of understanding the variability in use is clear from the output of a recent systematic review. Organisational and environmental determinants were identified as the major determinants of the adoption and diffusion of medical technology across different healthcare decision-making systems [51]. Interactions between organisational, individual, environmental and innovation-related variables were found to be rarely examined. When such interactions were examined, the assessment was often qualitative in nature to enable the complexity to be drawn out [51]. Further methodological challenges include a lack of evidence that assesses impact beyond health [52]; issues in carrying out appropriate studies such as randomised controlled trials to compare impact; and the difficulty in capturing the health economic impact of MT, even in the presence of high quality data. These methodological issues have been attributed to ‘major (or unique) features’ of devices [53,54]. Major features, as coined in previous research, include the existence of a learning curve, the impact of incremental innovation, dynamic pricing, data quality issues (including the ability to measure long term health impact) and organisational impact [11,54]. As these are not physical characteristics of the technology, in this publication major (or unique) features will be referred to as ‘impact dimensions’. 
As the endpoints to be assessed within MT studies may delay the adoption and diffusion of new MT, decision-makers request such analysis to be carried out earlier in the product life cycle leading to an increase in demand for early economic modelling [20,55]. Also recommended is the inclusion of device-operator interactions to better assess the impact of the technology [14].
A review of current health economic practices in Europe resulted in guidance by EUnetHTA [8]. This recommends the use of cost-effectiveness analysis (CEA) or cost-utility analysis (CUA) to enhance the usability of the economic assessment [8]. Hence, to ensure applicability in all healthcare systems, economic evaluations of medical technologies should be based on their impact on health outcomes [56]. This may be a measure of health, such as years of life as seen in CEA, or a generic measure of disease burden, such as quality adjusted life years (QALY) as seen in CUA [47]. QALYs enable both the added quality and length of life achieved by a new intervention in comparison to current practice to be measured. This paper aims to add to current consensus to carry out health economic evaluation at earlier stages of device design so that the developer “feel[s] more confident about the value of further development of the test” [57]. It also aims to support the gathering of information to improve early and late stage health economic evaluation. By integrating health economic and human factors research, HERD MedTech aims to establish a new method of evaluating the impact dimensions (i.e. the non-physical characteristics of the technology) that must be considered in the development of MT. The rationale for integrating these two areas of research is based on two observations in the early stages of design. Firstly, physical features (e.g. portability) enable new and specific applications of a new MT within a healthcare context. Secondly, the degree to which a technology affects impact dimensions is likely to also affect a healthcare system’s capacity to realise health and economic benefits of a new MT. 
The design of resilient technology requires an understanding of MT value based on the benefits it brings to particular contexts of use i.e. value engineering. This will ensure the economic evaluation of MT not only evaluates health outcomes but also impact dimensions that enable health outcomes to be realised. 

2.3. The methodological need for HERD
As described in the previous two sections, research in the area of health economics and human factors often occur within research silos. For this reason, health economics is rarely incorporated into the development of innovation and human factors is seldom considered when assessing the value that innovation brings to a healthcare system. Both human factors and health economics require an understanding of the context that an innovation aims to benefit and utilise various methods to enable this including stakeholder, work flow, process of use and clinical pathway analysis. Though these methods have been used in health economics to understand the context(s) to be evaluated, the methods used to elicit this information are rarely specified in published economic evaluations [11]. 
The area of human factors – with its tradition of qualitative social science methods and approaches of human-technology interaction – provides health economics with a framework to gather evidence that enables the evaluation of the afore mentioned impact dimensions. Human factors, on the other hand, will be provided with a quantitative evaluation framework that ensures the value of device features is understood before and after development, ensuring health and economic impact on the intended population. The integrated approach proposed in this paper aims to improve communication with decision makers. Moreover, this framework aims to iteratively inform the innovation design from conception to market access and beyond. 

3. Designing for resilience

3.1. What is HERD?
HERD MedTech is an exploratory process which may be incorporated into the development cycle of any MT to model the complexity of reality, and develop realistic scenarios for human factors and health economics analysis. This aims to enable the assessment of impact dimensions [11,54] of MT within healthcare systems. HERD MedTech has been developed to ensure that hazard related scenarios, which facilitate MT usability testing, are based on work as done rather than work as imagined. To achieve this, the testing of MT need to incorporate: 
i) Identification of ‘stressors’ (e.g. constraints, events, conditions) in the intended context of use.  
ii) Incorporation of key stressors in the generation of realistic scenarios.
iii) Definition and specification of device features that ensure resilience i.e. mitigate stressors enabling the realisation of the technology’s value. 
This enables an initial value proposition to be developed that is based on the stressors the MT mitigates as well as the clinical decisions the technology informs. This initial value proposition can then be iteratively revised based on the ability of device features to mitigate stressors and inform clinical decision-making. 
The current international standard IEC 62366-1 [26] of MT development only considers two assessment dimensions: risk and usability. Currently, stressors are assessed within a technical process known as “stress testing” [58] usually applied by manufactures to test software or hardware at extreme and high pressured conditions. There are two levels to this stress-testing: i) the technical analysis of the device’s components and ii) the risk assessment within hazard related scenarios as recommended by ISO 14971 [59] which defines best practice of risk management throughout a MT’s life cycle [26]. 
HERD MedTech proposes that the development of a device should always be a trade-off between the fit of the device within the context and its predicted value proposition. These trade-offs may be due to current technological constraints but may also be due to contextual constraints such as a lack of consensus on diagnosis or treatment of a disease by a scientific or clinical community. All identified constraints inform the development of the final technology design, its (realistic) intended use and hence the final value proposition. Incorporating the assessment of the value of device features within the current context at early stages of development may lead to the production of MT that are fit for purpose i.e. resilient. To enable this, we suggest the application of economic evaluation methods to both understand and to model the value that is incrementally generated during product design, see figure 1. In doing this, HERD MedTech aims to answer recent calls to improve the adoption and diffusion of MT within healthcare systems [1-7,60]
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Figure 1. The addition of value engineering (i.e. design for value) in HERD MedTech based on key points of IEC 62366’s design for usability and design for risk control.

As can be seen in figure 1, the proposed process of value engineering, which will be informed by health economic evaluation in early phases of the product’s life cycle, should run in parallel with current requirements of international standards: risk management and usability engineering. To enable this parallel evaluation, HERD MedTech is made up of four phases of assessment: problem structuring, evaluation requirements, evaluation and technology adjustments as well as device definition. Figure 2 illustrates the HERD MedTech process within this early stage assessment which then leads to clinical evidence generation.
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Figure 2. HERD MedTech’s four phases of early stage assessment of MT.


For the HERD MedTech process to be initiated, developers need to define the initial use specification of the device as well as its intended use as required by IEC 62366-1 [26]. It also requires that the expected value proposition, as informed by developers, is also defined at this stage e.g. the expected clinical utility.
Phase 1: Problem structuring
In this initial phase, it is important to understand whether the use specification, intended use and expected value proposition – as seen by developers of the MT – is as required by the health system. Initial discussions with healthcare professionals identify key potential applications of the new technology, possible barriers to adoption and appropriate stakeholders to provide information regarding clinical applications and barriers to adoption. This will define who, what and how the device output informs or supports healthcare in various clinical environments leading to a prioritisation of the clinical pathway and target population that would most benefit from the device application. 
Phase 2: Evaluation requirements
Once pathways and target populations are prioritised, the evaluation requirements phase enables researchers to explore the benefits a device may bring to a healthcare system through these prioritised pathways and populations. Appropriate stakeholders and the best available data and literature are utilised to understand MT assessment requirements. Results from human factor analyses inform designers of the current needs and environmental barriers that a new device has to overcome to bring a real benefit in the field. Health economists use the voices of stakeholders in the pathway (e.g. clinicians and patients) to better inform preliminary modelling. This process enables the identification of potential issues and barriers of use. 
Approaches used within this phase of HERD MedTech include data and models from previous studies which enable further investigation of the findings of the problem structuring phase. Literature is used to create parameters and proxies for assessment. Also within this phase is clinical pathway mapping  – a qualitative process which models the clinical context in which a new device is likely to be used [61]. It enables stakeholders of prioritised clinical applications of the technology to describe the decisions, needs, gaps and barriers as well as downstream consequences of a clinical environment based on the output of the device. Clinical pathway mapping may be performed using contextual inquiry, observation, and interview as well as focus group sessions. This contextual information can serve as the basis for health economic evaluation and concurrently support the identification of “work as done” as well as the stressors within this reality in human factors analyses. This then informs the design or redesign of devices. Moreover, this process could identify potential pathways where the benefits of current devices are not fully realised due to technology, organisation and stakeholder-specific limitations. 
Another component of this phase of early stage assessment is user experience. User experience is defined as a “person’s perception and response resulting from the use and/or anticipated use of a product” [62]. At an early stage, user experience uses validated scales to qualitatively explore factors within current practice such as satisfaction in use [63], professional and patient trust [64] and acceptance of use [65]. This analysis of current practice identifies gaps and needs which may then be used to inform the specification of the device, the intended use and the hazard related scenarios for the iterative development of the device. 
The approach of identifying unmet needs is strongly connected to the assessment of user experience. Unmet needs analysis provides insight into clinical usefulness, and advantages and limitations of current practice. This could pave the way to understanding how to enhance patient safety and better support clinical decision-making. This information can be gathered, for instance, using qualitative interview and questionnaires to inform improvements (i.e. redesign of current practice) or the need for new devices that could overcome current interactive, organisational and safety issues. These qualitative tools may also be used to define the barriers to adoption within the identified and prioritised clinical application. Such barriers may be due to many factors including health care professionals being unable (or unwilling) to see the clinical utility of a device or payers lacking the resources to invest in a new device, particularly when there is no disinvestment plan for old devices.
The first two phases of HERD MedTech, the problem structuring and evaluation requirements phase, lead to the enrichment of the use specification and intended use of the technology as defined by developers. Concurrently, this evidence leads to revision of the expected value proposition into an evidence-informed value proposition. The stressors identified in this phase are used to build scenarios and feed into health economic and human factor analysis within phase 3.
Phase3: Evaluation and technological adjustments
This phase, along with the evaluation requirements phase, builds the formative design of the product. The formative design is informed by the evidence generated from the integration of human factors and health economics results. The integration of this evidence is based on identification of realistic scenarios of use and value (i.e. reality-based scenarios). These scenarios contain identified needs, gaps and barriers for those features of the device that may be designed and the value to the NHS if they were met or mitigated. 
Low-fidelity prototypes can be tested by simulation of use to assess how these needs, gaps and barriers are met or mitigated by the current features and intended use of the device i.e. formative design. These features and the intended use are concurrently assessed in an exploratory economic evaluation to estimate the cost effectiveness of the device were it to have specific features. Hence, this integrated evidence generation provides the developers with information regarding the strengths and weakness of features of the proposed device enabling trade-off decisions to be made for the development of the final prototype. An example of this iterative development and assessment, as carried out by the NIHR DEC London, may be found in appendix A. 
In HERD MedTech, the final prototype, final value proposition and initial business models associated with it are developed within realistic scenarios of use and value representing the best compromise in terms of technical characteristics, aspects of safety, contextual needs and value brought to the healthcare system.
Phase 4: Device definition
Scenarios of use are considered within health economic and human factors analyses to inform the device design and the (realistic) intended use. An iterative re-design of the device (i.e. summative cycle) may occur within this phase, especially if this evaluation takes place within larger and/or more specific populations of users. For example, a large population will be required for usability testing summative evaluation within this phase whilst the high level exploratory economic evaluations of earlier phases will now be more focused (early economic evaluation) on a specific pathway and population.
Up to this phase, the evidence generated for the new device, including predicted value, has been based on current knowledge of clinical environments and applications as well as assumptions and simulations that provide insight into the possible clinical utility of the new device. Empirical evidence of clinical utility is now required. 
Clinical studies informed by HERD MedTech
The above four phases of HERD MedTech ensures that the evidence required to prove clinical utility, safety of use as well as health and economic benefit are gathered within the clinical environment throughout the product life cycle. This ensures the collection of appropriate evidence within clinical studies that will enable the finalisation of late stage health economics and human factors assessment. Such evidence includes patient outcomes and user experience with the new technology. Future improvements to the device may also be informed as well as intended use, reimbursement, disinvestment and final business case models. Further device development at this stage would require the design of a new generation of the device, a costly amendment to the current generation or a less expensive amendment to the intended use document.   
4. Conclusion 
We have presented a new qualitative framework to facilitate the design life cycles of MT. In the initial stages of design, HERD MedTech supports the integration of human factors and heath economic output to ensure that a new device, and its context of use, is valuable to the NHS. HERD MedTech aims to enrich evidence generation throughout the MT life cycle by setting out an evidence generation pathway based on the identified needs clinical as well as technological use within healthcare environments. This framework proposes greater evidence generation at early stages of device development and proposes that this is facilitated by integrating health economic and human factors methodology. It is clear that this puts a greater amount of effort into the problem structuring phase when integrated methods are set up during collaboration between health economists and human factors specialists. These aligned methods ensure that not only is impact of the new device measured but also the identification of causes of impact. In addition the downstream consequences due to both clinical and technological features can be gathered and modelled. This enables the resilience and the value of the device to be measured at later stages of HERD MedTech through the reality-based scenarios of use, risk and value. This enables developers to maximise the trade-off between user and environmental needs as well as cost-effectiveness prior to market access. 
This new approach requires further research to help standardise methods for distinct types of innovation. It also requires to the application and the assessment of the usefulness of HERD MedTech for distinct types of MT within various clinical environments. Nevertheless, HERD MedTech offers clear advantages including i)  enabling the  integration of  human factors and health economics methods ii) ensuring that human factors output is incorporated into health technology assessment, iii) enabling more efficient evidence generation as devices approach market access  iv) systematically including contextual barriers and contexts of use in the scenarios of use and value, and v) generating realistic scenarios and value propositions to support better informed decision-making. It clear that HERD MedTech will be more resource consuming for research at early stages of development, however, this aims to reduce similar resource use at time of market access.
We argue that HERD MedTech is a useful add-on to the current approaches of design and evaluation of healthcare innovation. The primary purpose is to convey a new paradigm, by shifting from the design for usability to the design for resilience. The evidence generated in applying HERD MedTech will support manufacturers with in-depth input about the context of use and with relevant information about the value of a new device from early stages of development. Our case studies and practical examples of the application of HERD MedTech will be published in future studies to demonstrate strengths and weakness of this new approach. 
5. Expert commentary
Experts in the area of human factors agree there is a growing need for more systematic and comprehensive approaches to gather insight into how devices are actually used in practice i.e. work as done [28,30-33]. This may increase the accuracy of scenarios for usability testing, and provide better estimation of risk in device use. Enriched insight into ‘work as done’ may enable designers to better identify the stressors which may affect the use of new devices in clinical environments. In addition, experts in health technology assessment acknowledge current shortcomings of HTAs and have identified differences in types of innovation and the applicability of current methods [1-7,60]. The integration of human factors and health economics enables the initiation of research to inform these shortcomings. This in-depth understanding of the contextual stressors and addressing current HTA shortcomings may support the development of resilient devices. 
Resilient devices – designed to require minimum amounts of service adaptation, use of additional resources as well as ensure minimum risk in different environments – may potentially: i) reduce recalls of MT by regulatory agencies; ii) maximise adoption and diffusion by ensuring the fit with health and economic needs of the potential contexts of use. Answering to an international call coming from human factors [28,30-33] and health economics [1-7,60], HERD MedTech proposes that the device value has to be iteratively engineered (i.e. value engineering) at the same time as device usability and risks in use. This will reduce the risk of investing in the development of a device that may not be valuable in comparison to current practice. 
HERD MedTech assumes that information at early stages regarding the cost-effectiveness of innovation within health systems and the ability to incrementally develop the product in tune with its predicted value may drastically change the design of a product. This will indirectly affect the safety and usability of the device. The qualitative and systematic approach of evidence generation proposed in HERD MedTech provides experts with a framework to estimate the degree to which a new technology will affect a healthcare system’s capacity to realise health and economic benefits. 
We recognise that the use of health economic evidence during the product development is not required for regulatory approval of MT and human factors is not considered in current health technology assessments, however, integration of such methodology at early stages of development may steer the design of MT to maximise future market adoption and diffusion. To the best knowledge of the authors of this publication, there are currently no frameworks that integrate usability engineering and health economics or that include health economics approaches in risk and usability assessment.
The WHO describes HTA as the “systematic evaluation of properties, effects, and/or impacts of health technology”[66]. Current HTAs entail the assessment of clinical effectiveness by clinical trials or review of the literature as well as the economic evaluation of this effect. This assumes a uniform impact across environments. This is readily understood with dosing and formulation of pharmaceuticals but not MT. Medical technology interacts with its context to achieve different outcomes. Human factors methodology entails the understanding of the device context including interactions with users and environmental processes. This knowledge can be utilised by health economists to better understand potential improvements that a new device may bring to a context based on current processes and devices. This enables an acknowledgement of differences between clinical contexts in achieving the potential improvements of a new device. In keeping with this, the base case created by health economic modellers may be enriched at early stages to incorporate difference within clinical contexts. 
For health economists, this enables the building of flexible models that incorporate contextual variability. These contextual variability can affect the achievement of health outcomes as well as resource use and can be due to user-device-environment which human factors analysis aims to understand. This includes errors in testing process; errors in testing results; time to test; time to train in test use; and level of expertise of operators and clinical decision makers. An understanding of the impact of these events on the achievement of the identified value enables a more thorough understanding of the potential impact of new medical technology on health outcomes and resource use.
For human factors specialists, health economists can initially support the identification of the clinical context(s). The collaboration enables human factors to not only inform the developer’s decision-making to meet current gaps in testing processes and interactions with the device but also to understand the value of meeting these needs. This enables the development and redesign of new device features and processes of use which aim to maximise resilience within a varied context of use. This aims to increase the likelihood of device adoption and diffusion in healthcare environments.

6. Five year view
Several international initiatives [8,67,68] over the next five years aim to reduce the distance between assessment approaches used during product development and post-market HTA. Two main reasons are driving this change. The first is the growing call, by experts from different specialities, that health economic evaluation, a key component of the post-market HTA, must find a role at early stages of the device life-cycle [1-7,60]. In addition to this, there is a need to align premarket and post market assessment of innovation to reduce the resources needed to prove its value in healthcare systems. In fact, a common (and connected) framework between pre and post-market assessment is likely to speed up the adoption of new products in local environments. For instance, with access to variables, scenarios and impact dimensions considered in pre-market assessment, late stage HTAs may avoid the replication of assessment already carried out in the pre-market stage. It also ensures that late stage evaluation is based on pre-specified needs, gaps and barriers in the context of use. The aim of these initiatives is to streamline and integrate expert input throughout the life cycle of MT.
In line with these initiatives, HERD MedTech may potentially bring awareness among experts regarding the usefulness of integrated research at early stages of device design. This framework may be useful to experts in pre and post-market assessment of MT including human factors, health economists, designers, healthcare professional and experts in health technology and clinical study design. In addition, HERD MedTech could potentially be the basis for the development of a common framework of assessment to improve market access processes for MT. The hope is that this framework will lead to a discussion to future revision of the international standards (e.g. IEC 62366-1) as well as national guidance for health technology assessment. The development of the approach advance in this paper was informed by four years of industry-facing academic research that aimed to generate evidence to inform the adoption of MT into the UK’s national health system. It has incorporated research perspectives in human factors analysis, health economic evaluation, decision analysis and clinical practice. 

Key issues
· The adoption and diffusion of medical technology into healthcare systems throughout the world is slow. Hence, patients and healthcare systems do not benefit from the latest medical technology.
· The type and quality of evidence generation for medical technology has been questioned by experts throughout the lifecycle of medical technology including pre and post-market specialists in human factors and health economics.
· Evidence generation at early stages of product development (i.e. pre-market) mainly focus on usability and risk assessment to inform the design of a new product. 
· The design of high quality devices (usable and safe) does not equate to the design of devices that are of value to a healthcare market. 
· Current design for an ‘intended use’ rarely reflects constraints in the real world. 
· The adoption of a new medical technology into a health system tends to require several service adaptations to ensure safety in use and upkeep of the health system’s resilience. 
· Designing for resilience means to develop usable and safe devices which require a minimum amount of service adaptation to ensure adoption and diffusion within various healthcare systems – regardless of context. This includes the designed ability of a new device to bring value to a healthcare system i.e. value engineering.
· Human and Economic Resilience Design for medical technology (HERD MedTech) aims to integrate the currently fragmented approaches of human factors and health economics to inform the development of resilient medical technology. 
· The approach requires a qualitative framework which proposes that the development of a device should always be a trade-off between the fit of the device within the context and its predicted value proposition. 
· HERD MedTech is innovative in that it integrates usability engineering and health economics. This conveys a new paradigm, by shifting from the design for usability to the design for resilience. Moreover, this framework may pose that basis for future integration of pre and post market assessment, and opens-up further integration of processes and models of evaluation within multiple communities of professionals e.g. human factors, health economists, decision and risk analysis, HTA experts, clinicians and designers. 
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APPENDIX A – Application of HERD MedTech process to support decision making for the development and evidence generation of a new portable viscoelastic device for use within trauma settings
Initial company perspective
A company approached the NIHR DEC London with the proposition for a new viscoelastic device (VD) described in Table A1.
Table A1. Proposed details device.        
	Intended use
	To better stratify patients at risk of venous thromboembolism (VTE)

	Device specification
	Portable standalone tool; uses a small amount of venous blood; results begin to appear after 15 minutes.

	Existing tests 
	TEG®, ROTEM ®, Sonoclot®.

	Potential stakeholders
	Clinicians who care for patients at risk of thromboembolism i.e. haematologists and hospital doctors.

	Value proposition
	Improved health outcomes due to quicker diagnosis of VTE with a more reliable device.



Phase 1: Problem structuring
This phase aimed to confirm the company’s initial value proposition, as shown in table A1. Initial discussions with clinical leads with experience of existing tests showed that a competitor would be of great value in a number of clinical environments, particularly those that care for patients at risk of major haemorrhage i.e. severe bleeding. Trauma was identified as the clinical area in greatest need for a more reliable device. This led to a shift in the intended use of the product, hence, changing the potential stakeholders of the new device. Discussions with up to 10 stakeholders of major haemorrhage pathways, using a preliminary paper mock-up and brochure of the new VD, led to the revision of the device specifications as well as the development of a low fidelity mock-up using a 3D printer.
Phase 2: Evaluation requirements
Phase 2 aimed to confirm the findings of the problem structuring phase as well as inform decision making for device development and evidence generation. A stakeholder identification tool was used to identify and prioritise stakeholders with roles within major haemorrhage pathways based on their importance and influence in the adoption of such a device. An updated paper mock-up and brochure of the new VD – which described the product’s functioning, potential results and value (as gathered in early discussions) – as well as the device specification and low fidelity mock-up supported interviews and focus groups within this stage. An initial review of the literature and best practice guidance informed the development of questionnaires used within said interviews. These tools were used to map prospective clinical pathways; understand current experience; and identify unmet needs, barriers and problems in the use of the current devices. 
Thirty professionals within clinical and diagnostic pathways of current competitors informed this phase. This led to the prioritisation of major haemorrhage within a trauma setting as the clinical application for the new device. Output of this phase was used by the company to define new technical and design solutions to meet the needs and improve the experience of end-users of viscoelastic devices. These solutions were incorporated into the device specifications to develop an intermediate fidelity mock-up. The meeting of needs and improving of end-user experience led to an adaptation of the initial value proposition into the evidence-informed value proposition.
Phase3: Evaluation and technological adjustments
Human factors and health economics scenarios were created in tune with the evidence-informed value proposition as well as the revised device specifications. The stressors collected within user experience and unmet needs analysis were used to generate multiple simulation scenarios to test the new mock-up (e.g. analysis of the ability to perform a test within a helicopter) and to explore reliability and perceived value with professionals. At the time of this publication, multiple phases of rapid prototyping and testing were planned in a bid to generate the final prototype and define its final value proposition.
Realistic scenarios of value were created to inform an exploratory economic evaluation. The aim was to explore if (and how) the current value proposition brought benefit to the healthcare system. Evidence from phase 1 of needs and gaps, as well as features of the device that may inform these, were used to create numerous assumptions and model inputs that predict the likely health and economic benefit of the new device. 
Table A2. Evidenced details of device
	Intended use
	To better stratify patients within the trauma setting at risk of major haemorrhage

	Device specification
	Portable standalone tool; uses a small amount of venous (and possibly capillary) blood; results appear within 5 minutes.

	Existing tests 
	TEG®, ROTEM ®, Sonoclot®, laboratory clotting factors 

	Potential stakeholders
	Haematologists, Anaesthetists, Surgeons, Trauma staff, pre-hospital staff, Anaesthetic staff, intensive care staff 

	Value proposition
	Improved morbidity and mortality due to more reliable device and quicker results when diagnosing and treating patients with suspected coagulopathy. 



Phase 4: Device definition
The above evidence was generated within a 6-month period enabling the company to advance the development of the new VD as well as plans for evidence generation. Using assumptions and parameters that best predict health and economic benefits identified by stakeholders, an early economic evaluation of the prioritised scenarios of value will be carried out. Final scenarios of use, will be used to perform summative test and prepare the submission for the regulatory approval. 
How HERD MedTech has benefited project
The HERD MedTech process has enabled evidence from health economics to inform the development of the device by identifying features of the new device that would bring value to a clinical application. It has also enabled both human factors and health economics to support ‘value engineering’, a process that directs device development to fully meet a set of needs and gaps within a clinical setting.  HERD MedTech has also ensured the development of an efficient and feasible evidence generation pathway for the new device.  This has informed applications for (and secured) funding.
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