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What’s new
· While most studies of closed-loop overlook psychosocial issues, there is a growing recognition of the need to evaluate user experience of new diabetes technologies
· This review evaluates research carried out on psychosocial aspects of closed-loop system usage across paediatric, pregnant, and adult populations, using qualitative and/or quantitative methodologies
· Existing research identifies both benefits and burdens arising from the use of varied closed-loop systems. Future studies should be carried out with more consistent methodological rigour in addition to exploring psychosocial experiences in more diverse patient groups and in clinicians

Abstract
There is a pressing need for new treatment regimens that offer enable improved glycaemic control and reduced diabetes self-management burdens. Closed-loop systems, or artificial pancreas systems, represent one of the most promising avenues in this regard. Closed-loop systems connect wearable continuous glucose monitor (CGM) sensors to smartphone- or tablet-mounted algorithms, which process and model CGM data to deliver precise and frequently updated doses of fast-acting insulin (and glucagon in dual-hormone systems) to users via wearable pumps. Recent studies have demonstrated that closed-loop systems offer significant benefit in terms of improved glycaemic control. However, less attention has been paid to their psychosocial impact on users of closed-loop systems. This article reviews recent research on psychosocial aspects of closed-loop usage in light of preceding research on user experience of currently available technologies such as insulin pumps and CGM sensors. The small but growing body of research in this field reports generally positive user experience and a number of experienced benefits including reassurance and reduced anxiety, improved sleep and confidence, and ‘time off’ from diabetes demands. However, these benefits are counterbalanced by a number of important challenges, ranging from variable levels of trust to concerns about physical bulk, technical glitches, and difficulties incorporating closed-loop systems into everyday life. Future research should explore psychosocial aspects of closed-loop usage in more diverse groups and with regard to clinicians as well as users in order to ensure that the clinical benefits of closed-loop systems are realised at scale in routine medical care.

Introduction
People with type 1 diabetes require intensive insulin therapy in order to avoid hyperglycaemia and associated long-term complications such as retinopathy, nephropathy and neuropathy, in addition to short-term conditions such as diabetic ketoacidosis[1]. Typically, insulin is self-administered using pens or pumps in combination with fingerprick blood glucose testing and  subcutaneous continuous glucose monitoring (CGM). While intensive insulin therapy can enable people with type 1 diabetes to achieve near-euglycaemia and the reduction of HbA1c levels, it is also associated with higher risk of hypoglycaemia and greater self-management burdens.[2] A range of factors including physical activity, meal intake, hormones, stress, and illness contribute to marked variation in inter- and intra-individual insulin sensitivity and needs, making self-treatment for type 1 diabetes cognitively challenging and logistically burdensome.[13] In the UK, recent data suggest that 83.8% of people with type 1 diabetes in 2012-13 did not failed to achieve glycaemic and other targets designed to reduce the risk of developing diabetes complications, with significant negative implications for quality of life, life expectancy, and treatment costs.[24] Consequently, there is a pressing need for new treatment regimens that offer improved glycaemic control and reduced diabetes self-management burdens.
Closed-loop systems, or artificial pancreas systems, represent one of the most promising avenues in this regard. Most closed-loop systems connect wearable CGM sensors to smartphone- or tablet-mounted algorithms, which process and model CGM data to deliver precise and frequently updated doses of fast-acting insulin to users via wearable pumps. At present, closed-loop systems still require carbohydrate counting and user-administered pre-prandial boluses in addition to exercise announcement, for which reason they are commonly referred to as ‘hybrid’ rather than ‘fully automated’ systems. In September 2016 the US Food and Drugs Agency Administration (FDA) approved one hybrid system (the Medtronic Minimed 670G), and numerous other systems are in development in academic and commercial settings. Some of these systems in development utilise a dual-hormone approach that incorporates glucagon as well as insulin.[35] In theory, dual-hormone systems enable allow for more aggressive glycaemic control, although this potential benefit may be counterbalanced in practice by additional system complexity and the current lack of a stable liquid glucagon formulation.[4]
A number of clinical studies have now been undertaken to evaluate the clinical benefit of closed-loop hybrid systems, with a general shift from pilot studies in controlled research facilities to short-term, free-living home studies. These studies have observed substantial improvements in glycaemic control in comparison to alternatives such as conventional or sensor-augmented pump therapy. A recent review of 24 studies in outpatient settings found that use of closed loop systems by children and adults led to a mean 12.59% (3hours/day) increase of time in target compared to pump therapy.[52] Among longer duration studies, one study observed that home use of closed-loop systems over three months led to 11% (2.6hours) increase of time in target in adults and, in children using the system overnight only, a 24.7% (2hours) improvement in time in target.[76] Substantial glycaemic benefits have also been observed in pregnant women: one recent study of overnight closed-loop use observed a 15.2% (1.2hours) increase of glucose levels in target compared to sensor-augmented pump therapy.[87] 
[bookmark: _GoBack]While these findings affirm the clinical potential of closed-loop systems, they are less useful in terms of assessing how psychosocial experiences may impact upon sustainable and effective system usage. The term ‘psychosocial’ is contested and is often used in a relatively unspecified manner.[98] A useful working definition frames psychosocial factors in terms of health-relevant interactions between meso-level social factors and micro-level psychological factors, emerging either through individuals’ direct immediate responses to contexts or through their long-term health behaviours.[8-9-10] In the context of technology usage, psychosocial evaluation must also take account of technology’s ‘affordances’ – functional aspects of particular devices or systems that influence, but do not necessarily determine, individuals’ capacity for taking particular actions in particular circumstances.[110] As previous research in multiple contexts has amply demonstrated, different individuals may experience the same technologies in different ways owing to variations in their previous experience, general psychological attitudes, and social contexts and practices.[121] Accordingly, it cannot be assumed that closed-loop systems will be experienced in the same way by users who inhabit different social contexts, or that user experience overall will be as positive as reported clinical outcomes. New systems may offer significantly improved glycaemic control at the cost of continued significant need for human input, perceived loss of user autonomy, and greater logistical requirements relating to the operation of multiple wearable devices. User decisions to initiate and maintain device usage are rarely based solely on objective biomedical benefits, and long-term usage may be strongly influenced by various aspects of user experience [132] Exploration of psychosocial experiences of closed-loop systems is therefore a vital aspect of research in this field.[143] 
To date, however, relatively few closed-loop studies have incorporated evaluation of psychosocial aspects of system usage; a 2015 review found that only four of 103 ongoing trials measured psychosocial factors [154]. Nevertheless, there is a growing literature on psychosocial aspects of closed-loop system usage, building on a considerable body of existing research on psychosocial experience of insulin pumps and wearable CGM sensors. Accordingly, this article reviews closed-loop psychosocial research in light of preceding diabetes technology research, focusing on prominent themes such as perceived benefits and burdens of use.
Methods 
The following electronic databases were searched for published materials over the past three decades, from 1987 to the date of search (June 2017): PubMed, Web of Science, ScienceDirect, Scopus, JSTOR, and Project MUSE. Search terms included ‘psychosocial diabetes technology’, ‘psychosocial CGM’, ‘psychosocial insulin pumps’, ‘psychosocial closed-loop’, and ‘psychosocial artificial pancreas’, in addition to the terms ‘quality of life’ and ‘well-being’ paired with each of ‘insulin pump’, ‘quality of life CGM’, ‘quality of life closed-loop’, and ‘quality of life artificial pancreas’. . As Fig 1 shows, these searches generated 2,700 abstracts of published studies. Abstracts retrieved from database searches were then reviewed to eliminate duplication, and studies were included for further consideration if they reported original psychosocial research focusing on diabetes technologies (insulin pumps, CGM or closed-loop therapy), generating a total of 99 papers. A subset of 16 insulin pump and CGM were selected for inclusion based on salience to themes relevant to closed-loop psychosocial research. 13 papers reporting psychosocial research on closed-loop systems were selected for inclusion. 
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Inclusion criteria were as follows: all published articles reporting original psychosocial research on wearable diabetes technologies, including insulin pumps, CGM sensors, and closed-loop systems. Articles are discussed using an interpretive approach focused on the critical synthesis of existing research rather than an aggregative/integrative approach involving techniques such as statistical meta-analysis.[165]
Psychosocial impact of existing diabetes technology 
Since closed-loop systems incorporate existing technologies within a wider system, it is important to take account of existing psychosocial research on user experience of these individual technologies.[143,154] This section discusses briefly key aspects of preceding research on positive and negative aspects of psychosocial experiences of insulin pumps and CGM sensors, respectively, before summarising key aspects in light of their relevance to closed-loop experiences.. This research attests to the complexities of user experience of these diabetes technologies, and highlights the potential burdens as well as benefits of their use in a range of user groups. 
Insulin pumps
Insulin pumps offer a number of potential benefits in addition to the elimination of multiple daily injections, including improved glycaemic control, greater flexibility of insulin delivery, and the convenience of built-in bolus calculators.[176] A recent review found that pump usage is associated with high levels of satisfaction, reduced anxiety, and improved self-efficacy, family functioning and quality of life.[187] However, these benefits are tempered by the psychosocial intricacies of using a wearable medical device in daily life (e.g. lifestyle limitations in terms of clothing choice), leading to a complex overall picture characterised by a range of perceived and observed benefits and burdens.[187-,198] 
A number of studies have identified important distinctions in attitudes and subsequent experience between user groups.[154] Ritholz and colleagues found important differences between groups with high and low HbA1c: ‘High’ groups adopted a more passive attitude, initially seeing pumps as panaceas for diabetes before becoming disillusioned with the amount of work required, whereas ‘low’ groups were aware of the limitations of pumps in terms of freedom and flexibility and adopted a more proactive approach to technology-enabled self-care.[20] 
Other research has highlighted the challenges arising from pump use in adolescents and transition-age users more widely, owing to a number of factors including diabetes burnout, body image concerns, interference with sports and other activities, weight gain, skin discomfort or infection, and (in some users) association with the onset of depression or other mental illness.[132,210] Transition-age users are significantly more likely to discontinue pump use.[221] 
The complexity of users’ interactions with pumps makes it difficult for clinicians to predict outcomes for individual users.[132] One interview study reported that clinicians working on a trial of pumps vs MDI were surprised by which participants made effective use of pumps and which did not.[232] More widely, pump usage is inconsistent across and within national and regional contexts, and may be associated with a range of social and economic factors.[187]
CGM sensors 
Typically consisting of a wearable device comprising subcutaneous probe and transmitter, CGM sensors provide interstitial fluid glucose measurements every 1-5 minutes, trend information regarding the rate of change and direction of glucose levels, and alarms for hyper- and hypoglycaemia.[243] More recently, flash glucose testing enables allows users to scan a subcutaneous sensor with a handheld device to obtain glucose level readouts. Interstitial glucose measurements lag behind blood glucose levels, especially when blood glucose levels are changing rapidly, and are typically less accurate than conventional handheld glucose meters.[251] Nevertheless, use of CGM sensors has been proven to improve glycaemic control by enabling timely responses to imminent hyper- or hypoglycaemia, especially when used continuously and intensively both in conjunction with insulin pumps and insulin injections.[264-286] Both sensor-augmented pumps with low-glucose suspend functions and flash sensing systems have been shown to reduce hypoglycaemia[132,297], although substantial cost barriers exist for these approaches, as with CGM more widely. 
As with insulin pumps, psychosocial research on CGM sensors attests to complexity and varied experience on the part of different user groups.[275] CGM users generally report high levels of satisfaction and reduced fear of hypoglycaemia, but satisfaction is higher in those who use CGM more frequently and lower in adolescents, who exhibit higher levels of anxiety and lower glycaemic improvements than adults using CGM.[198,3028-320] For parents of children with diabetes using CGM, poorer sleep and increased anxiety have also been reported.[320] In this context, an interview study by Ritholz and colleagues emphasised the importance of specific psychosocial factors – notably coping skills, willingness to review data, and the involvement of family members - for the effective use of CGM.[243] 
Summary
Psychosocial research on insulin pumps and CGM sensors illustrates the complexity of diabetes technology experience, evidencing a range of experienced benefits and burdens in addition to the crucial, yet little-understood, role of psychosocial factors in terms of sustained and effective technology use. Since these technologies form key components of closed-loop systems, this body of work constitutes the backdrop against which closed-loop psychosocial research should be evaluated, not least because it highlights the challenges surrounding uneven usage of even tried and tested devices such as insulin pumps - challenges which are likely to recur in some form with closed-loop systems. As Barnard and colleagues note, ‘[e]xamining research in this area is particular[ly] pertinent as there is limited usage today of insulin pump therapy and CGM devices despite their potential benefits [for] glycemic control and [quality of life]… Thus, understanding the extant research in these areas can help improve efforts to streamline and optimize uptake of [closed-loop systems] when they become more readily available.’[15]
Psychosocial impact of Closed-Loop SystemsAP 
While closed-loop systems make use of some existing technologies (such as The incorporation of CGM sensors and insulin pumps), their incorporation into a hybrid automated system adds potentially significant new dimensions to user experience of existing diabetes technologies by requiring the use of multiple wearable devices and reducing user control of basal insulin dosage. The following sections review studies exploring these and other dimensions of closed-loop usage in three key user groups: adult (9 studies), children and adolescent (32 studies), and pregnant women (1 study). Two The studies involved involving both adult and paediatric participants and are discussed in the research with adults section [331-352]. One study involved paediatric participants and their parents and is discussed in the research with children section [33]. Studies are discussed in chronological order within each section. Fig 21 summarises the studies discussed..
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Research with adults
Van Bon and colleagues[374] explored user perceptions and future acceptance of closed-loop systems with 22 participants (all of whom were pump users and 11 of whom had used CGM previously) using the diabetes treatment satisfaction questionnaire (DTSQ) and interviews based on the Technology Acceptance Model, which describes users’ intention to use technologies in terms of perceived usefulness, perceived ease of use, and levels of trust.[385] Most participants (19 of 22) ‘had the intention to use the AP [artificial pancreas] even though they were relatively satisfied with their current diabetes treatment’, with mean DTSQ score of 29 out of a potential 36. Perceived advantages included stable glucose regulation, reduced need for glucose self-monitoring, relief of daily concerns, and time-saving. Participants were confident in their ability to use the system, but identified trust as a potential barrier to closed-loop usage. 
A follow up study [396] explored future acceptance with a questionnaire based on the Technology Acceptance Model with 132 participants, of whom almost 75% expressed intention to use closed-loop systems. Participants expressed moderate or strong agreement with perceived usefulness (89%) and perceived ease of use (87%) of closed-loop systems, and that they would trust closed-loop systems in terms of administering correct insulin dosage (74%) and reliability of glucose measurement (67%).
Bevier et al developed and administered a 34-item questionnaire assessing current treatment satisfaction, clinical trial participation motivation, and Technology Acceptance Model variables with regard to future closed-loop system usage.[4037] 36 participants with experience of closed-loop trials completed the survey, of whom over 86% were either highly likely or likely to adopt closed-loop systems once available. Participants rated the perceived usefulness of closed-loop systems higher than perceived ease of use. In linear modelling, perceived usefulness and ease of use factors were the best predictors of closed-loop adoption. Satisfaction with current diabetes treatment was not predictive of closed-loop adoption.
Barnard and colleagues conducted an interview and questionnaire study with 24 adults taking part in a randomised crossover study comparing overnight closed-loop and open-loop technology.[4138] Interviews focused on psychosocial impacts of closed-loop technology, positive and negative aspects of living with the system overnight, and participants’ hopes and anxieties. Key positive themes included improved blood glucose control (n=16), reassurance/reduced worry (n=16), improved overnight control leading to improved daily functioning and diabetes control (n=16), and improved sleep (n=8). Key negative themes included technical difficulties (n=24), alarm intrusiveness (n=13), and size of equipment (n=7). 20 of 24 participants would recommend the technology to others. Barnard and colleagues also administered the Diabetes Technology Questionnaire (DTQ), finding that users were least satisfied with closed-loop system use during physical activity and bathing and with regard to appearance issues, and that users were most satisfied with regard to ease of start-up and calibration, support provided, and performance accuracy. 
Young and colleagues report on three case studies of individual users using closed-loop technology at home for one month [4239]. The data collection methodology is not reported. Two users reported largely positive experiences, with one describing the system as ‘life-changing’ and as feeling like ‘a better version of myself’, and with a second user reporting better performance at work, increased flexibility, and ‘the best control I’ve had for several years.’ The third user experienced technological difficulties which he described as ‘intensely irritating’, but described the closed-loop system as ‘kind of tak[ing] some weight off your mind.’ All participants reported challenges relating to system portability, frequent alarms, and poor device connectivity.
Ziegler and colleagues conducted a questionnaire study with 59 participants aged 10-54 years within a multicentre, multinational, randomised crossover study of 75 participants using closed-loop technology over four consecutive nights in the home setting [331]. The questionnaires used were the Hypoglycaemia Fear Survey (HFS) in adult and paediatric versions, adapted Technology Acceptance Model questionnaire developed by van Bon and colleagues, and Satisfaction with Use of an Artificial Pancreas questionnaire developed by Nimri.[430] Ziegler and colleagues found that closed-loop system use reduced hypoglycaemia fear (before 1.04 ± 0.53 versus after 0.90 ± 0.63; 𝑃 = 0.017), that perceived ease of use increased after personal experience (before 4.64 ± 0.94 versus after 5.06 ± 1.09; 𝑃 = 0.002), and that the overall satisfaction mean score after using closed-loop overnight at home was 3.02±0.54 on a 0-4 scale, demonstrating high levels of satisfaction with the system. 
Kropff and colleagues explored psychological outcomes of evening and night closed-loop system use in a two-month randomised crossover trial comparing closed-loop system use with open-loop (sensor-augmented pump) therapy.[441] In addition to interviews with a subset of six participations, the study team administered the van Bon et al adapted Technology Acceptance Model questionnaire, HFS II, and DTSQ to 32 participants, of whom 14 had taken part in previous closed-loop studies. Questionnaire data showed that mean treatment satisfaction scores were equally positive for closed- and open-loop study arms, and that a non-significant reduction in fear of hypoglycaemia was found for both interventions. The Technology Acceptance Model questionnaire end score was 68.1 (75.7% of full acceptance), indicating good acceptance of closed-loop usage, though individual items showed that participants were slightly less willing to change to closed-loop after the closed-loop study arm, and slightly less willing to use the system in the long term. Interview findings revealed that participants trusted closed-loop systems but not fully or without double checking its actions, that participants reported better glucose control alongside interrupted sleep and limitations on exercise, and that none of the participants would want to switch their current treatment for closed-loop systems as they presently exist.
Kovatchev and colleagues conducted a six-month multinational study of 24-hour a day closed-loop system usage with 14 participants in free-living conditions, including a focus group with eleven of the participants (six ‘high’ users with above-median time of closed-loop use, and five ‘low’ users with below-median time of closed-loop use) [452]. All participants viewed the system as more beneficial overnight than during the day. A majority of participants indicated that the control algorithm was too cautious in controlling hyperglycaemia, and that they felt ‘hassled’ by the physical burden of carrying and maintaining multiple devices. The time it took to trust the system varied by participant, but all participants trusted it by study end. Some participants reported benefits in terms of partners, who felt the system provided security in terms of preventing hypoglycaemia. Echoing Ritholz et al’s study of pump usage[2019] and studies of CGM use [198,3028-320], this study found substantial differences between different kinds of user – in this case ‘high’ and ‘low’ users in terms of time spent using the system, with the latter reporting little benefit from the system during the day and more interruptions in their daily lives (e.g. from alarms). 
Barnard and colleagues explored psychosocial experiences of adults, children and adolescents taking part in two multicentre, free-living randomised crossover home studies, in which participants using insulin pump therapy were randomised to either 12 weeks of closed-loop therapy followed by open-loop (sensor-augmented pump) therapy or vice versa[342]. Participants (32 adults and 26 children) completed the DTQ in addition to semi-structured interviews (32 adults, 26 paediatric participants and 25 parents of paediatric participants) at baseline, midpoint and study end. DTQ findings showed moderately positive impact of and satisfaction with both interventions, with little difference between the two study arms. Adults reported slightly more positive perspectives than paediatric participants. For both adults and paediatric participants, the lowest usability ratings for system components were those related to ‘size, weight, appearance and fashion issues’ and ‘use during sports, exercise and bathing.’ 
Interviews in this study explored participants’ expectations before participation and perceptions during and after the study. Interviews revealed higher levels of user satisfaction with the closed-loop system compared with DTQ results, with children and parents reporting improved confidence, reassurance, sleep, and glycaemic control, and adults reporting reduced time worrying about diabetes control and improved glycaemic control. These benefits were balanced by concerns about technical glitches, alarms, and the physical size of the system. 
Iturralde and colleagues utilised focus groups to explore the experiences of adults (n=17) and adolescents (n=15) after 4-5 days of using 1 of 2 closed-loop systems day and night in nine study groups in three different study sites.[35] Content analysis of transcripts showed that participants with lower levels of knowledge about closed-loop systems generally had overly optimistic expectations in terms of user input, whereas more knowledgeable participants were more cautious. As with other studies, participants experienced a wide and at times contradictory range of benefits and burdens from system usage, ranging from ‘steady glucose levels’ and ‘mental relief’ to ‘not responsive enough to highs’ and ‘being reminded of diabetes.’ Few differences were reported between adults and adolescents, an exception being that adults were more concerned than adolescents about hyperglycaemia while using the system. Most participants (number not stated) stated that they would continue with closed-loop therapy if available on the grounds that clinical benefits outweigh system imperfections. Some participants (number not stated) stated that they would prefer to wait for more advanced systems and systems with more aggressive glycaemic control settings.
Research with children and adolescents
Barnard and colleagues conducted a multi-methods study of psychosocial experiences of adolescents (n=15) and their parents (n=13) taking part in an overnight crossover study in the home setting. Participants aged 12-18 were randomised to closed-loop therapy or sensor-augmented pump therapy for 21-day periods.[373] Adolescents completed DTQ and HFS questionnaires; parents completed HFS questionnaires. DTQ data, gathered at study entry and at the end of each intervention, showed that adolescents reported slight improvements in terms of anxiety related to hyper- and hypoglycaemia and in terms of effort required to prevent glycaemic excursions. However, they also reported worsened outcomes in terms of carrying and using several devices, sleep, and alarms. HFS scores for adolescents declined from the baseline level of 60.1±1.2 to 58.0±0.9, while scores for parents increased from 65.7±1.4 at baseline to 68.2±1.5 after the closed-loop phase, showing that adolescent perspectives may diverge from their parents. 
Adolescents and parents participated in semistructured telephone interviews upon completion of the study. Barnard and colleagues report 100% agreement between adolescents and parents regarding the key benefits of the closed-loop system, including improved safety, glucose control, confidence and ‘time off’ from diabetes demands, and reassurance/peace of mind and improved sleep overnight. Twelve adolescents directly commented on perceptions of improved glucose control. The level of agreement between adolescents and parents regarding negative themes is not reported, but key themes in this regard included calibration difficulties, physical size of the system, frequent alarms, concerns about accuracy and trustworthiness, and physical discomfort. Overall, 100% of adolescents and 77% of parents would recommend closed-loop technology.
Weissberg-Benchell and colleagues conducted a questionnaire study with children using dual-hormone (insulin and glucagon) closed-loop systems at residential youth camps.[463] Nineteen children with mean age 9.8 (range 6.5-11.9 years) were randomly assigned for five days closed-loop or five-days of standard insulin pump therapy in a crossover design. Psychosocial outcomes were measured by administering questionnaires: HFS; Problem Areas in Diabetes survey (child version) to measure diabetes-specific emotional distress; Perceptions Regarding Regime Burden, a 20-item measure developed for this study; and the Experience with the ‘Bionic Pancreas’ questionnaire, a 38-item instrument developed for this study. Analysis of questionnaire data showed that significant reductions in hypoglycaemic fear and regimen burden were found following use of closed-therapy compared to control, although no differences in diabetes-specific emotional distress were observed. Participants also reported positive experience of the closed-loop system, e.g.: 95% felt they could engage in more activities they enjoyed; 90% felt more relaxed; and 84% spent less time thinking about diabetes. Prominent concerns included slow response to low or high blood sugar, annoyances relating to carrying equipment, and having to change glucagon daily. Overall, 73.7% of participants stated that they wished to continue using the dual-hormone closed-loop system following the study. 
Research with pregnant women
Farrington and colleagues adopted a mixed-methods approach to examine psychosocial experiences of closed-loop systems used by pregnant women in a randomised, open-label, crossover study comparing four weeks of closed-loop with four weeks of open-loop (sensor-augmented pump) therapy.[474] Thirteen women were interviewed twice each, at baseline during device training and following completion of the study; an additional participant was interviewed at follow-up only. Questionnaires (DTQ and HFS) were administered before and after each intervention. 
Questionnaire data showed that 80% of participants using closed-loop felt less worry about overnight hypoglycaemia and that 70% of participants reported using less effort to prevent hypoglycaemia during sleep. However, 45% of participants reported that closed-loop therapy increased time spent thinking about diabetes, while 33% felt it made sleep and preventing hyperglycaemia more problematic.
Farrington and colleagues used interviews to explore the burdens and benefits of closed-loop technology; interviews were also used as source material for generating quantitative summary data of women’s perceptions of glycaemic control and technology more widely. Interview data revealed a range of potential benefits of closed-loop therapy in pregnancy, ranging from improved glucose control to reduced worry, reduced discomfort, and ‘time off’ from diabetes, in addition to feelings of excitement and empowerment arising from the successful use of cutting-edge technology. Participants also reported a range of negative themes, including increased time thinking about diabetes, difficulty sleeping, and technical glitches, in addition to concerns about device visibility and lifestyle limitations (e.g. regarding clothing choice). Some women also described obsessive checking of system readouts and feelings of ‘deskilling’ arising from ‘outsourcing’ bodily symptoms to system devices. Nine participants stated that they would have considered dropping out of the study without the 24-hour support provided, raising concerns regarding the level of support that can be provided when closed-loop systems become part of routine care.
Quantised interview data relating to women’s perceptions of glycaemic control and technology revealed that women very slightly overestimated their glycaemic response to closed-loop therapy and that there was marked variation among individuals in terms of both over- and under-estimation. Overall, those who ended the study with the most positive opinion of glycaemic control and the most positive attitudes to technology also had comparatively poorer levels of biomedical response to closed-loop therapy and higher degrees of overestimation regarding their levels of control. 
Discussion
As with research on insulin pumps and CGM sensors, the emerging body of psychosocial closed-loop research reports that user experience of, and levels of trust in, closed-loop systems has been broadly positive, albeit with a wide array of perceived burdens in addition to perceived benefits. Studies reporting future intention to use, overall levels of user satisfaction, and/or likely recommendation of closed-loop use to others report high figures (typically >70%). One study found that perceived ease of use increased after personal experience.[331] However, another study found that experience of closed-loop systems led to lower intention to use[441] while two studies found no difference in terms of user satisfaction between closed-loop and open-loop study arms.[342,441] 
Levels of reported trust in closed-loop systems – a vital feature in terms of systems with novel capacities for automation of diabetes care[154] – varied across the studies reviewed here. Two studies reported that all participants saw trust as a potential barrier to future usage and that most participants did not fully trust closed-loop systems without ‘double checking its actions’ [374,441], but other studies reported that all participants came to trust the system by study end [452] and that around 70% of participants trusted the system to administer correct insulin dosage and measure glucose reliability.[396] If 70% of participants trust closed-loop systems in optimal conditions (i.e. trial conditions with additional clinical and technical support), it would be reasonable to expect a considerably lower figure in terms of trust when closed-loop systems enter mainstream practice without such high levels of support for users. Consequently, while these studies appear to report positive findings in terms of trust, they also raise concerns about future experience in mainstream care.
Reported benefits extended beyond improved glycaemic control and reduced fear of hypoglycaemia to include reassurance for users and family members (e.g. partners and parents), reduced anxiety, improved sleep, confidence, ‘time off’ from diabetes demands, greater freedom to engage in activity, excitement, and empowerment [342-363,4138,452-474] Those using systems for longer periods seemed to experience more benefits than those using systems for shorter periods [452], while those with more positive attitudes to technology seemed to overestimate their benefit from closed-loop usage more than those with more cautious attitudes.[474] Reported burdens included technical difficulties, alarm intrusiveness and interrupted sleep, increased time spent thinking about diabetes, size and appearance of equipment, limitations on exercise, and perceptions of deskilling and data obsession.[342-36,-33,4138,452-474] Apart from the markedly positive response of children using dual-hormone systems at youth camps[4643], reported benefits and burdens were broadly similar across different user-groups, although considerably more research has been conducted with adult participants than with paediatric and pregnant participants. Researchers have yet to consider in detail the potential influence of transitions between kinds of care (e.g. adolescents moving into adult care) on closed-loop experiences, a topic which will assume considerable importance when closed-loop systems enter mainstream care.
The resulting overall picture is one of complexity. Closed-loop systems clearly have important psychosocial impacts that may diverge from more easily measured biomedical impacts. Consequently, it cannot be assumed that user experience of closed-loop systems will automatically reflect positive biomedical outcomes arising from effective and appropriate use in controlled trial conditions. User experience may vary significantly across different user groups and between individual users with varied levels of engagement and differing preferences (e.g. regarding user control over algorithm cautiousness/aggressiveness), with potential implications for effective long-term usage and associated biomedical outcomes in addition to varied user training needs.[485] Some users may require management of their expectations while others may require additional encouragement to engage effectively with new technology.[35,47] 
Furthermore, it was noted above that clinicians already find it difficult to predict which users will benefit from existing technologies[232], a challenge that seems likely to be augmented rather than diminished by the greater intrinsic complexity and higher automation of closed-loop systems. Clinicians are likely to find it challenging to identify in advance those patients who will have positive and beneficial experiences of closed-loop therapy from those who will not. The contribution of closed-loop technology to diabetes management will depend less on technological factors than on ‘the real-life interactions between people and technology’[496], including clinicians and family members as well as people with diabetes themselves.
The research discussed above has both strengths and limitations. In terms of strengths, the various studies discussed attest to a growing interest in closed-loop psychosocial research and increasing acknowledgement of the value of multi- and mixed-methods approaches in terms of exploring differential user experience of new technologies over extended time periods and in free living conditions. This body of work supports the view that psychosocial factors form an essential component of closed-loop research rather than an optional extra.[342]
In terms of limitations,, most studies featured relatively small sample sizes (mean: 34.5 participants). While this is an inevitable feature of clinical studies in early-stage technological fields, the relatively small number of participation in most studies nevertheless limits the generalisability of findings and the extent to which this emerging body of work can illuminate future discussions regarding potential variations in user experience. In particular, some studies making use of qualitative methods interviewed clearly insufficient numbers of interviewees (i.e. <12, according to Guest and colleagues [50]). Furthermore, current reports of user experience may be unduly positive owing to higher levels of trial participation by users with higher levels of interest in new technologies. Another common but in some ways unavoidable limitation is the variation between closed-loop systems themselves, including single- versus dual-hormone systems. The varied affordances exhibited by different systems makes inter-study comparison problematic, and highlights the potential value in multi-site psychosocial studies using the same system, as carried out by Ziegler and colleagues.[33] Lastly, closed-loop research has yet to consider clinician attitudes to these systems and the important question of how these attitudes may enable or hinder access to closed-loop therapy when it becomes widely available in the mid-term future. 
Future closed-loop psychosocial research should seek to engage potential users from a wider range of (e.g.) socio-economic, ethnic, gender, and user-group backgrounds (including those without experience of CGM or pumps) in multiple country contexts, and should seek to generate rich accounts of technology use (and associated phenomena such as diabetes burnout and diabetes stigma) in users’ everyday contexts alongside rigorous quantitative methods.[51]. Research employing qualitative methods should be carried out with regard to accepted standards of rigour in qualitative research, including holding as many interviews and/or focus groups as necessary before data saturation occurs (i.e. no new themes emerge from analysis) [51,53] and ensuring that sufficient detail is provided regarding data generation contexts, interview and focus group topic guides, and analytical methods and theoretical perspectives employed. Quantitative studies using adapted questionnaires, such as those employed by van Bon and colleagues and subsequent researchers, should seek to validate and standardise these instruments in order to place quantitative closed-loop psychosocial research on a firmer footing.[14-15] Both kinds of study would benefit from including pre- and post-intervention data collection modalities in order to evaluate potential mediating factors in terms of experienced benefit.
These steps will help to generate an evidence base to inform the design of specific systems (and relevant aspects of health service provision) with a wide range of user preferences in mind, thus potentially avoiding some of the barriers and inter-patient variation experienced in insulin pump and CGM use. Ideally, users themselves should become involved in the research-based co-design of new devices and patient-centred, interdisciplinary diabetes care delivery systems.[13,54-55]
current reports of user experience may be unduly positive owing to higher levels of trial participation by users with higher levels of interest in new technologies. Future research should seek to engage potential users from a wider range of (e.g.) socio-economic, ethnic, gender, and user-group backgrounds (including those without experience of CGM or pumps) in multiple country contexts, and should seek to generate rich accounts of technology use (and associated phenomena such as diabetes burnout and diabetes stigma) in users’ everyday contexts alongside rigorous quantitative methods.[47] This will help to ensure that the widest possible range of user preference can be taken into account in the design of specific systems and relevant aspects of health service provisions. Ideally, users themselves should become involved in the co-design of new devices and patient-centred, interdisciplinary diabetes care delivery systems.[12,48-49]
Another common but in some ways unavoidable limitation is the variation between closed-loop systems themselves, including single- versus dual-hormone systems. The varied affordances exhibited by different systems makes inter-study comparison problematic, and highlights the potential value in multi-site psychosocial studies using the same system, as carried out by Ziegler and colleagues.[30]
Methodologically, some studies making use of qualitative methods provided insufficient detail regarding interview contexts, interview and focus group topic guides, and analytical methods employed. Future closed-loop research employing qualitative methods should be carried out with regard to accepted standards of rigour in qualitative research.[50] Future studies using adapted questionnaires, such as those employed by van Bon and colleagues and subsequent researchers, should seek to validate and standardise these instruments in order to place quantitative closed-loop psychosocial research on a firmer footing.[13-14] Lastly, closed-loop research has yet to consider clinician attitudes to these systems and the important question of how these may be expressed in routine care when closed-loop therapy becomes widely available in the mid-term future. 
Conclusion 
While closed-loop systems offer significant potential benefit to users in terms of improved glycaemic control, their psychosocial impact is complex and ambivalent. The small but growing body of research in this field reports generally positive user experience alongside a number of important challenges, ranging from variable levels of trust to concerns about physical bulk, technical glitches, and difficulties incorporating closed-loop systems into everyday life. Future research should explore psychosocial aspects of closed-loop usage in more diverse groups and with regard to clinicians as well as users in order to ensure that the clinical benefits of closed-loop systems are can be realised at scale in routine medical care. 
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