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ABSTRACT
[bookmark: _GoBack]Stages of drug (and vaccine) discovery and evaluation that involve laboratory animals increasingly occur via scientific collaborations across national borders and continents. Many of those research collaborations are between asset-rich institutions and others in less wealthy parts of the world. The care and use of laboratory animals in geographically disparate locations introduces new complexities, such as different oversight requirements and available resources, as well as diverse organizational and cultural milieus. These complexities can hamper the effectiveness of local animal welfare committees and regulatory compliance, as well as compromise good science and animal welfare. At the same time, new technologies are becoming available that offer greater transparency in how those collaborations and their animal subjects are faring in real time that, in turn, can enable progress towards the 3R’s. The focus of this essay is to identify potential rewards and risks stemming from new techniques for producing and connecting data in preclinical pharmaceutical development, and consider how further social scientific investigations have the potential to enhance the benefits of international research collaborations for both human health and animal welfare. 

KEY WORDS
3Rs; Drug Development; IACUC; Internet of Things; Laboratory Animal Welfare; Preclinical Testing; Transnational Research 






12

INTRODUCTION

“Whatever mix of theoretical, experimental, and observational techniques biologists proceed, their activity always involves tracking” (James Griesemer, 2006)

Both discovery (“basic”) and translational (“applied”) biomedical research are becoming more collaborative and spatially separated, sometimes over intercontinental distances. This trend is enabled by faster internet capabilities for sharing larger packets of data, rising investment in life science infrastructure in low- and middle-income countries (LMIC’s), growing implementation of common intellectual property rights regimes, and increasing international scientific mobility, especially as scientists with advanced training return to countries incentivizing research funding and offering lower research costs than established knowledge economies. Research and preclinical testing involving laboratory animal subjects are no exception to this trend. Greater transnational use of laboratory animals is being facilitated by the lower costs associated with animal research in LMIC’s, especially with non-human primates (NHP’s) and especially in China (Cyranoski D 2016; Editorial 2016a), fears about the regulatory obligations and public debate surrounding animal research in some wealthy countries, and an interesting mix of lower regulatory hurdles in some LMIC’s coupled with growing adoption of international accreditation standards for the care and use of laboratory animals in those same countries. This trend will likely accelerate over the next decade and beyond, thereby shifting more pharmaceutical development at all stages from wealthy nations to LMIC’s. The changing geographies of laboratory animal science raise questions over how to coordinate protocols and track data across space, how to define and enact responsibilities for animal care in different locations, and how new technologies might best address these issues. 

There are particular concerns with multi-centered collaborations over the fealty of local commitments to the 3R’s (replacement, reduction and refinement), the means of assuring high quality animal care, and the varying outcomes when those Western-origin 3R’s are imposed in other cultures as the ethical foundation for laboratory animal use (Bayne K et al. 2015). These are further compounded by variable regulatory oversight and enforcement across nations and despite more research institutions attaining accreditation. Such concerns reflect the risks to institutional reputational damage, present challenges to trust and collaboration, as well as hazarding negative outcomes for animal welfare. The reliability of animal-generated data is a related issue when laboratories with different capabilities and experience collaborate, especially if there are disparities in institutional oversight and compliance amongst participants. Overall these concerns stem from growing global unease about laboratory animal use in general, amid a crisis in scientific reproducibility that is independent of any geography (ILAR 2015). Thus begs the question: what ethical responsibilities do scientists and their respective animal welfare oversight committees assume in different contexts? In addition, what influence do they have or should they attempt when animal-based collaborations occur in laboratories far away where the actual details of animal care and use may be unknown and not easily accessed? Does such a lack of transparency and familiarity between institutions sometimes thousands of miles apart impede drug discovery and development? If so, at what cost to society and regulatory authority, as well as patients and their families? Are there options available that can reduce opacity and assure both parties that the spirit if not the letter of the 3R’s is embraced, and that laboratory animal care and use are being performed appropriately without impeding the pace of pharmaceutical research and development?

The intent of this article is threefold. First, we offer a preliminary mapping of the changing landscape in which Institutional Animal Care and Use Committees (IACUCs) are operating. Although “Institutional Animal Care and Use Committee” is an American label, it is used in this essay to apply equally to other intramural committees in other countries that oversee their respective laboratory animal care and use programs. Whilst these animal welfare and ethical review committees operate at the level of the institution, many already do so within systems of research governance requiring them to implement the 3Rs through conformity with national guidelines (e.g., the US Public Health Service Policy on Humane Care and Use of Laboratory Animals), funding rules, global company-wide policies or international legislation (e.g., in European Union Directive 2010/63/EU). The spread of transnational biomedical research to more countries involves a wide variety of local and regional social customs and concerns, warranting greater sensitivity on the part of all collaborators in a given project. Second, we consider how new technologies may assuage those concerns and facilitate effective collaboration in global animal-based drug discovery and development. Third, we identify emerging issues that might hinder these opportunities while hopefully attracting scholars to study them in their own right. 

What’s Been Changing?

Despite the global recession that began in 2008, more investment and activity have occurred in biomedical research around the world over the past fifteen years than ever before. This has been happening most notably in LMICs transitioning from state-controlled to market economies (Chakma J et al. 2014; Chakma J et al. 2013; Thorsteinsdóttir H et al. 2010; ILAR 2011), with reasoned calls recently for more of the same (Editorial 2016b). Those particular increases have been driven by fear of emerging diseases from some LMIC’s within an increasingly connected global community, ever lower costs for genome sequencing, new genetic engineering and other biotechnology tools to develop new drugs and vaccines for diseases endemic to those LMIC’s, and cheaper overall discovery and development costs compared to wealthier nations, to name a few. All of these factors translate to more outsourcing from the latter to the former, as well as more “home-grown” science conducted in previously under-resourced countries. The potential benefits are many, creating new intellectual bridges to understand and manage biological complexity and resources across space. These benefits include awareness of innovative animal models of disease or important variations of those models in different laboratories, and access to local biobanks, so-called traditional medicines, and native natural products that may not be available for export, collating and sharing data amongst collaborative sites, as well as greater exchange of ideas. 

Yet at the same time, the unprecedented speed of data production and geographical reach of data circulation raises complex issues for collaborators and regulators. Most studies of data coordination in contemporary biology focus on the large-scale model organism infrastructures that emerged with the acceleration of genomic sequencing technologies and alongside calls for more open science (Leonelli S 2013; Davies G et al. 2013). These studies reveal how data collection is always embedded in local conditions and material practices, many aspects of which are not fully recorded, including in laboratory animal research (Kilkenny C et al. 2009). Furthermore, they suggest judgements about the credibility of remotely accessed data are always intertwined with local knowledges of established in vivo research practices (Leonelli S 2016a). Appropriate attribution of credit for different contributions to data production and acceptable provision for access, exchange, and protection of data are necessary to build trust between partners. Finally, these studies indicate that even after norms for data production and sharing have been agreed, there are further issues around ensuring the sustainability of data infrastructures and of facilitating continued access to them (Bezuidenhout L et al. 2016). 

These dynamics have mostly been mapped in collaborative academic research. The concerns in commercial pharmaceutical development are related, but slightly different. Pharmaceutical protocols are more easily amenable to standardization across sites that operate under the auspices of one organization. Milestones are often clearly defined by drug discovery pathways, and IACUC overview usually has to deal with a smaller variety of protocols, even if these encompass more animals individually or in sum. Preclinical pharmaceutical development has thus been served by relatively simpler protocols. Yet, even here there are challenges, such as increasing expectations for acceptable oversight of animal-based research and testing, regardless of location and sponsor (Bayne K et al. 2011). Those expectations are driven by closer relationships between collaborators in countries of differing restrictions or scrutiny of animal-based research and testing, in tandem with public concern about the use of laboratory animals. Both the challenges of managing biological complexity and the standardization of protocols involve greater attention to the international locations and flows of data accompanying global animal research. But, at first sight, they appear to pull in different directions. On the one hand, enhancing sensitivity to the possibility of data variance requires greater understanding of the local conditions under which those data were generated, with an added albeit unpredictable “advantage” of serendipitous outcomes of scientific value. On the other hand, closer oversight of spatially-distributed research points to more centralized management of animal research. 

To date, there has been more effort directed towards shaping the latter than developing the former. One major example is the dramatic increase in the number of AAALAC-accredited institutions that comply with one or more of three long-standing reference standards, including US guidelines and European conventions (AAALAC 2016a). There are currently 950 accredited institutions in 41 countries, including 259 (27%) outside the US (AAALAC 2016b). More evidence for greater standardization of institutional oversight is that 334 research institutions in 87 countries outside the US have a US Public Health Service-approved Animal Welfare Assurance on file with the NIH Office of Laboratory Animal Welfare (OLAW 2016a). Filing a foreign Assurance requires the applicant to “Comply with the PHS Policy, or provide evidence that acceptable standards for the humane care and use of animals will be met; Follow the International Guiding Principles for Biomedical Research Involving Animals; and Comply with all applicable laws, regulations and policies governing animal care and use for their country of jurisdiction” (OLAW 2016b). Other national research funding agencies besides NIH play a similar role in extending local ethical oversight to overseas territories. For example, the 2015 joint statement by UK Research Councils and Charitable Funding Bodies explicitly demands that within international collaborations “researchers and the local ethics committee in the UK should satisfy themselves that welfare standards consistent with the principles of UK legislation” are applied overseas, as well as being compliant with local regulatory systems (NC3Rs 2015). In addition, international journals increasingly demand evidence of further standards for animal studies, such as the ARRIVE guidelines (Kilkenny C et al. 2010), which are often over and above local institutional and national requirements for the care and use of laboratory animals. 

Yet even with these additional credentials and safeguards in place, there remains the possibility that collaborating institutions will differ in how laboratory animal welfare is to be provided, recorded, and assured. Any detail, ranging from protocol content and review to husbandry and veterinary practices to internal inspections, could be dissimilar enough to make one of the partners uneasy about how animals or funding it is providing are being treated by the other partner. Even when animal welfare is not an issue, unease can arise simply if one of the partners feels its compliance or reputation is jeopardized because of something the other partner is doing or not doing. Irrespective of which institutions and which countries are involved, it would be better all-around if closer scientific collaboration was mirrored by easier means of knowing what’s actually happening in each other’s vivarium. Further, this growing recognition of locational factors in biological data creation, coordination, and reuse means it is important that flows of information are not solely about oversight or simply one-way. 

What Newer Technologies May Prove Helpful?

We are currently witnessing a new era in which machines and devices are being instrumented with miniaturized monitors that can transmit information, especially of an environmental or spatial nature, about those machines and devices not only to us but to each other. Coined the “internet of things” (IOT), these capabilities are being realized in everything from factory assembly lines and warehouses of finished goods to cars and household appliances (Kellmereit D and Obodovski D 2013). The internet of things has transformative potential across the biological sciences: adding geolocation and micro-environmental information to data sets, connecting infrastructures across experimental sites, and redistributing roles and relations across international settings. Of course the internet of ‘things’ is an insufficient term in this context, for what is geotagged, monitored, and interconnected may encompass equipment, animals, data, even laboratory personnel, all of which raise different issues. What is common across them is the capacity for technologically-enhanced traceability, connectivity and communicability. 

For example, the increasing use of electronic tracking devices in ecology, where an estimated 50,000 wild animals are now being followed (Benson E 2010; Gross M 2015), is credited with developing new insights into flock behavior, group interactions, ecological connections, conservation and conflict management, individual animal life courses, and opportunities for public engagement. The challenges identified in this field include concerns over increasing surveillance and implications for human privacy and animal disturbance, control over data and the potential for misuse of locational data (especially for rare animals), and the inequalities of data production and reuse that follow local and international digital divides. 
 
Not surprisingly, applications have emerged for laboratory animal care as well. These include radiofrequency identification platforms for tracking cage census and mobile capital assets, such as ventilated rodent housing racks and changing stations, as well as rodent cages recently introduced to the market that constantly monitor themselves and issue alerts if housing conditions deteriorate and put animals at risk (Tecniplast SpA 2016). Examples of these possibilities are listed in Table 1. 

Many scenarios can be imagined through connecting these technologies in different ways. There is the potential to remotely access environmental sensors and data entry forms to monitor how well the animals in a remote vivarium are being managed in real time. There is the possibility of changing system parameters and coordinating faster adjustments across different sites. There is opportunity to drill down further into real time environmental data as a possible explanation for variable animal health or phenotype. 

Transit of laboratory animals between collaborating partners is another activity impacting animal welfare that could benefit from remote monitoring. It’s common practice today to instrument containers with devices that track and transmit internal environmental conditions for shipping perishables such as food or medicines (Rodrigue J-P and Notteboom T 2013). Extending those capabilities to animal transport containers has already begun on a limited scale by commercial vendors, and could be easily expanded for more animals, or their biological specimens, traveling long distances (Niemi SM 2015). The data from this monitoring could be of potential experimental value, especially if animals are intended to be used shortly after arrival rather than provided time to recover from their trip and acclimate to their new surroundings. It is also possible to imagine using shipping container sensors as part of organizational efforts to decrease animal numbers by sharing more surplus animal tissues and other biological materials over longer distances without loss of scientific value. That would help assure laboratories are promoting Reduction as part of their overall contribution to the 3Rs. 

In addition to animal husbandry and transportation, similar IOT applications for quality assurance and compliance can be envisioned for animal experimentation. Shared monitoring of the performance of gas anesthesia units, biosafety and chemical fume hoods, refrigerators containing veterinary drugs and research reagents, freezers containing cell lines, and digital surgical forms are all feasible. Being connected to these and other machines and electronic tablets would provide a real-time, continuous window into a collaborator’s animal use program, and could (re)assure both IACUC’s that animal welfare and protocol compliance stipulations based on the 3R’s are being met. 

On a related and more speculative note, some are now describing an “internet of animals” (Morgenson KÆ 2016), applied today to the global and seamless exchange of creatures genetically engineered to be more informative animal models of disease. It’s not hard to imagine someday in the future extending this with animals engineered to convey pain or distress more obviously by color changes in their hair or excreta. For example, one could link stress-induced metabolites to green fluorescent protein, so the pertinent “GFP” could be easily detected as “GF-Pee” in an animal’s excreta even before it appears to be severely compromised. Analogous to the mechanical IOT combinations imagined above, remote tracking of biological signals made possible by genetic engineering could also generate a digital record of animal welfare status.

Given the opportunities, and challenges, that internet-connected devices offer to laboratory animal research, plans for their use should be deliberated in advance by IACUC’s. In what follows, we offer some reflections on the sorts of opportunities and pitfalls that committees might have to consider. 

What Favorable Consequences May Ensue?

Whether animal care or animal use is involved, the sharing of such information streaming from IOT-enabled machines between two collaborators could enrich a broader, global conversation amongst the entire laboratory animal community. Evaluating multiple data outputs and associated animal outcomes could be very useful in terms of research utility, husbandry and veterinary care, and ethics as framed by the 3R’s.  As in the ecological examples with wildlife above, the ability to connect devices and animals across different environments opens up the ability to collect, characterize and combine data in new ways.  Aggregating data across sites could help understand the environmental contributions of animal model behavior or dose response. Tracking individual animal environments, health and behaviors over time offers potential insights into pathways for translational research, as well as cumulative effects of those parameters on animal welfare from a much larger pool of data than from only a single institution. Ethics committees are more used to looking within institutions and making judgements about individual employee skills and separate experimental protocols. They will soon need to consider how to address these forms of connected and automated data collection, which extend beyond the boundaries of the conventional animal house and blur the allocation of animal time spent on and off procedures, in order to realize scientific benefits, whilst also continuing to reduce animal harms. 

One possible outcome from such situational heterogeneity may be a re-distribution of responsibilities and skills across and within different collaborative sites or institutions. Let’s consider an example facilitated through collective analysis of IOT-generated data. Say a complicated animal model can be surgically crafted with the expertise of one partner and then shipped to a distant site where the other partner has better imaging capabilities, all without jeopardizing the reliability of that model and ensuring high quality animal welfare along the way. Then both partners could leverage their respective resources better and not have to replicate or upgrade the missing component in their respective institutions. A different example: a pharmaceutical search targeting a tropical disease may require an animal model developed initially using sophisticated and expensive components but then requires an actual tropical environment in which those animals need to be followed, possibly over months or years. Rather than consume costly energy to maintain that environment in temperate climes, one partner in a wealthier nation at a higher latitude could undertake model creation and then transfer those animals to its partner in a suitable LMIC closer to the equator, to be shared while being jointly monitored. 

This latter arrangement could be useful for animal welfare purposes alone when animals are on long-term but low-intensity protocols. One example is the evaluation of immunotolerizing drugs following allogeneic or xenogeneic organ transplantation in macaques or baboons. After surgery, those animals need to be monitored for organ rejection sometimes over several years, with only an occasional blood sample or lymph node biopsy needed as long as there are no clinical signs. Usually these animals are housed in conventional indoor caging for the duration of the experiment. Even if those cages provide social housing and varying enrichment modalities, those monkeys may be even better served if allowed to roam in larger, more natural enclosures. Imagine one collaborating institution providing sophisticated surgery resources and talent to perform the transplants, while the other institution provides suitable indoor/outdoor enclosures in a less expensive locale that’s more spacious and more compatible with the natural biology of the animal species involved. Embed the enclosure with various IOT sensors and perhaps live cameras, including infrared for night time viewing, and both research teams and their IACUC’s would be able to monitor the animals’ health continuously while it can behave more naturally. And perhaps more subtle indicators of organ rejection would present sooner if the animal is freer to express its natural behavior unencumbered by limited space or stimuli. That, in turn, could provide both collaborators with new insights for developing better immunotolerizing drugs, or useful for other pharmaceuticals for other indications.

Besides the bilateral outcomes suggested above, more internet-facilitated transparency between collaborating or contracting parties could result in more shared protocol writing and review prior to IACUC approval and study launch, more shared (remote) participation in IACUC deliberations, and more shared (remote) generic or targeted training of animal care and animal use personnel by either party to (re)assure competence and compliance. There is the opportunity, through using live cameras as pioneered by the Babraham Institute (2015), to enhance transparency between partners, and perhaps ultimately with the public, whilst also reducing the disturbance and biosecurity risks to animals. There is further potential value in aggregating and analyzing information in a collaborative and transparent fashion: collective analysis of data collected across sites could be used to determine, via an evidence-based approach, what’s truly useful, necessary, or neither, for animal science and welfare. Perhaps different values of different variables will yield the same results in different contexts, but some are clearly less expensive, more easily learned or safer for vivarium and research personnel. Those conclusions, in turn, would indicate where some approaches may be more appropriate in different countries pursuing the same pharmaceutical targets but with different resources. 

What Are the Potential Negative Consequences?

While acknowledging these opportunities it is important to recognize that technology in and of itself cannot deliver transparency, and evidence does not simply speak for itself. Without this sensitivity, attempts to connect more places and more data sources will deliver little, at best offering false reassurance or at worse risking misunderstandings. Ambitions for transparency require working across research relationships to build trust between partner organizations and prevent either party withholding unpalatable data and practices. Undertaking data aggregation requires clear acknowledgment of the different organizations and individuals contributing data and agreed processes for curating and evaluating data relevant for the evidence required by different data users. Thus any potential benefits depend on the development of protocols for data collecting, sharing, accountability, and access, as well as adequate technology platforms to support data storage and exchange, the latter becoming a growing challenge worldwide (Hecht J 2016). Careful discussion of these details should be an integral part of IACUC deliberations to ensure they are formulated with the potential to enhance cultures of care within institutions (Klein HJ and Bayne KA 2007) and cultures of communication between collaborators.

There are several things of which to be aware and to avoid. Technology-enabled opportunities for greater bilateral IACUC engagement don’t guarantee advancing pharmaceutical development or the 3R’s. What may appear attractive initially may come with risks or adverse results that aren’t always predictable. That’s because successful implementation of technology is always contextual and depends on local capabilities and cultural mores. It is important to understand the local scientific contexts and political cultures in which regulations are enacted (Jasanoff S 2005).  Complying with multiple oversight standards may add to the regulatory burden of either or both institutions to such an extent that it’s not worth the trouble. Clarity is also required on how responsibility and accountability are distributed within partnerships. Responsibilities are necessarily shared in bilateral agreements, but the institution conducting the animal study has to be able to assure the integrity of data and be accountable for regulatory compliance and ethical care of the animals, with implications for on-site training and daily practice (Leonelli S 2016b). Implementation of technologies, especially if they are new to the market or new to one of the partners, requires effective local management and advocacy for a positive experience. Otherwise, there is likely to be frustration or failure with little or no gain. 

Perhaps even more rudimentary, the mere thought of providing a heretofore “outsider” streaming access to one’s internal workings is likely to arouse unease or outright resistance, no matter how compelling the rationale may be for the collaboration. It remains senior leadership’s responsibility to weigh the costs versus the benefits and satisfy concerns to the extent necessary if a decision is made to forge ahead. Sometimes, sizeable tradeoffs surface if investments in technology are made instead of investments in people for lab animal care or use enhancements. This can manifest simply as insufficient preparation and training of staff for the new technology. Some concerns may be offset by exploring ways of introducing and embedding new technologies such that they add to local research capacity and empower local animal care staff, rather than simply automate the work. Tacit embodied skills remain an integral part of animal care and use. Whilst some aspects of animal research can be automated for the benefit to animals and efficiencies, in other areas ‘a feel for the animal’ remains important for both science and welfare. Tracking wellbeing remains one the most complex questions for data science across medicine and animal welfare. Additionally, new technology may threaten to replace personnel, an unacceptable consequence if local institutional or societal expectations are to maximize employment rather than lump labor as another variable cost along alongside competing drug development expenses. 

Transmitting digital information between parties renders that information more vulnerable to disruption or distortion. Unless there are adequate security safeguards in place at both sites and in between, connected technologies and databases have the potential to be hacked. Whatever illicit access is then gained could lead to data theft or data corruption by an interested third party. Alternatively and if the hackers oppose the use of laboratory animals, the information could be tapped for unauthorized release to regulators and the media, perhaps intentionally altered and misrepresented at the same time, with implications for the safety or animals and staff. IACUCs need to consider these additional data security implications. They also need to address the experimental implications of introducing new information and communications technologies. Whilst new biological research facilities are only populated following established protocols for commissioning, new computer hardware and software tend to be released first and then tweaked later. This could have animal welfare implications if monitoring is increasingly dependent on automated systems without proper oversight of their initial performance and subsequent upgrades. 

Finally, as outlined above, potential scientific gains will not be realized through data which is simply being lodged – it needs to be integrated into research processes and outcomes analyses. Scientists and regulators are already struggling with ethics and management of the increasingly data-intensive practices across science and there are currently few off-the-shelf guides. The management of preclinical data may gain valuable insight from how the tracking and co-ordination of data are performed in large, multi-site model organism databases. Preclinical data managers should also investigate how sharing data of other sorts has helped address socioeconomic inequalities and global health challenges (Alter GC and Vardigan M 2015). But for now, optimizing scientific outcomes and assuring successful implementation of new technologies in what is increasingly becoming an evidence-based culture of care is likely to take place only on a case-by-case basis. 

Looking Further Out

Venturing that the potential good will outweigh the bad, this is an exciting arena of opportunity to advance both vital drug development and laboratory animal welfare, under the aegis of partnering IACUC’s across nations with differing capabilities and needs. It is reasonable to expect that preclinical drug development will continue its collaborative and transnational trajectories. It is just as reasonable to anticipate that adopting these and other new technologies will create challenges besides those described above to IACUC’s responsible for upholding the 3R’s under their respective roofs. What can be gleaned from other enterprises that may enlighten preclinical drug development in this regard in order to smooth the path and avoid mistakes? We identify some other initiatives which may be helpful to identify novel trends and avoid unintended consequences.  

Large-scale clinical trials are an obvious start. There are likely helpful lessons to be learned from multi-site patient trials involving more than one nation, conducted under assorted institutional review boards and regulatory agencies. How are those research data collected, managed, and shared electronically? How is that information secured? What joint memoranda need to be executed first and for what purposes? These questions may be relatively easy to answer when the pharmaceutical firms that oversee and sponsor these trials are the same parties that engage in collaborative or contractual arrangements for preclinical drug development. And some, if not all, of those answers could be just as useful when two non-profit parties are involved. To wit, how could ILAR and other components of the National Academies, such as the Institute of Medicine, and their counterparts in other countries catalyze those conversations on behalf of academic players?

Another source of helpful advice may lie with unconventional approaches such as targeted outreach to specific patient advocacy groups or indigenous biologists and wildlife veterinarians for ideas about better animal models, especially when targeting rare or emerging diseases. A very recent example involves the growing incidence of illness from Zika virus in the northeast regions of Brazil. Recent surveys of local wild monkey populations indicate they are also infected with Zika virus and may serve as reservoirs for human disease (Favoretto S et al. 2016). Consultation with Brazilian primatologists may offer new insights for human drug and vaccine testing by using these animals in their native habitat. 

On a separate note, engaging IOT and big data companies could lead to better data and data analyses that improve reproducibility and avoid animal wastage. Soliciting input from statisticians who practice outside the scope of preclinical drug development may yield experimental designs that could reduce the number of animals needed in a protocol without compromising the value of those experiments. As an example, consider so-called “N-of-1” drug trials. In our case, single animal subjects would be tested in a sequential fashion rather than in groups, with each subject’s results informing how the next subject should be dosed or evaluated (Schork NJ 2015). Ideally, crowd-sourcing initiatives like these and others would be announced and performed in a communal fashion so the feedback would be available to all who are engaged in laboratory animal care and use. If there is a receptive market for such approaches, they should be conducted through established organizations familiar to the lab animal community, such as ILAR, to ensure that conversations are reputable and shared.

Finally, there is a growing social sciences literature on the changing dynamics of biomedical research, which is contributing to both mapping and building international and interdisciplinary approaches in the biosciences. New scientometric data analysis is tracking the complex citation pathways taken by translational research (Jones DS et al. 2011).  Such research could track data beyond animal facilities, for example, by tracing citations patterns to chart the geographies of collaborative laboratory animal use around the world and understand the changing relations between animal researchers in wealthy nations and LMIC’s. That exercise, in turn, could indicate if different types of collaborations are more successful, in terms of impact and translational potential, and identify features that contribute to their success for others to consider. (This outcome is not to be confused with the overused and misunderstood phrase, “best practices”, a term that presumes much with sometimes less than optimal results). Studying those moving parts themselves and how they evolve over time may reveal patterns linking changing practices to theory development in applied biology (Griesemer J 2006). Those patterns, in turn, may advise how integrating new technologies into preclinical drug development and the 3R’s could be further advanced by IACUC’s and others, both practically (Sohn E 2016) and conceptually (Davies G 2012).

Furthermore, there are novel initiatives to build interdisciplinary alliances across the social and biosciences and identify areas of collaborative enquiry for the future in the realm of laboratory animal care and use (Davies GF et al. 2016). To this last point and in conclusion, we encourage follow-up research to explore how data emanating from IOT and other technologies could map collaborative laboratory animal use around the world, and extend these dialogues to those between scientific and social scientific researchers in different countries. We would encourage those considering IOT technologies in pharmaceutical research and development to explore ways of building these other conversations into their work. Such studies could help reveal when ethical and scientific concerns and upgrades don’t flow in just one direction, as is usually the case today, but become truly reciprocal in substance and mutually satisfying. 


Table 1. Examples of Remote Animal Care and Use Monitoring Applications 
	Sample Element
	Sample Target
	Sample Concerns

	Ambient temperature
	Animal housing rooms, cages, food storage
	Rooms or cages too hot, too cold? Refrigerated or frozen animal food at risk of nutrient loss if temperature too high?

	Relative humidity
	Animal housing rooms, cages, food storage
	Rooms or cages too dry, too humid? Dry animal food at risk of mold or spoilage?

	Chamber temperature
	Cage wash, autoclave
	Minimum required temperature attained?

	Cycle time
	Cage wash, autoclave
	Minimum required duration of wash or sterilization cycle attained?

	Lighting
	Animal housing rooms
	Intended photoperiod maintained, or has it been disturbed or altered?

	Water pressure
	Automatic watering system
	Interruptions of animal drinking water supply? If so, for how long?

	Ultrasonic noises
	Rodent cage
	Fight vocalizations indicating excessive conflict amongst cage mates?

	Motion
	Rodent cage
	Is fighting occurring if too much animal motion is detected? Are animals moribund or dead if animal motion is less than expected?

	Ammonia
	Rodent cage
	Has the ammonia level exceeded the allowed maximum, indicating that it is time to change the cage?

	Air flow
	Animal housing room or ventilated caging
	Is air exchange occurring at the specified rate for acceptable ventilation?

	Electrical power
	Entire facility
	Has power been interrupted that may impact the animal’s environment? If so, for how long and how often?

	Animal health
	Daily clinical observations
	Entered and transmitted via secure smart phone apps to appropriate parties; are there any findings of unanticipated pain or distress in today’s tally?

	Colony health
	Surveillance testing results
	Automatic and immediate detection of excluded pathogens via intra-cage biosensors, followed by secure alerts to the appropriate parties

	Routine service tasks
	Animal housing rooms
	Replace manual documentation on individual room clipboards with task documentation smart phone apps so those with secure access can determine if compliance tasks were completed as required
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