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Abstract
Advanced upper limb prostheses aim to restore coordinated hand and arm function. However, this objective can be difficult to quantify as coordinated movements require an intact visuomotor system. Eye tracking has recently been applied to study the visuomotor behaviours of upper limb prosthesis users by enabling the calculation of eye movement metrics. This scoping review aims to characterize the visuomotor behaviours of upper limb prosthesis users as described by eye tracking metrics, to summarize the eye tracking metrics used to describe prosthetic behaviour, and to identify gaps in the literature and potential areas for future research. A review of the literature was performed to identify articles that reported eye tracking metrics to evaluate the visual behaviours of individuals using an upper limb prosthesis. Data on the level of amputation, type of prosthetic device, type of eye tracker, primary eye metrics, secondary outcome metrics, experimental task, aims, and key findings were extracted. Seventeen studies were included in this scoping review. A consistently reported finding is that prosthesis users have a characteristic visuomotor behaviour that differs from that of individuals with intact arm function. Visual attention has been reported to be directed more towards the hand and less towards the target during object manipulation tasks. A gaze switching strategy and delay to disengage gaze from the current target has also been reported. Differences in the type of prosthetic device and experimental task have revealed some distinct gaze behaviours. Control factors have been shown to be related to gaze behaviour, while sensory feedback and training interventions have been demonstrated to reduce the visual attention associated with prosthesis use. Eye tracking metrics have also been used to assess the cognitive load and sense of agency of prosthesis users. Overall, there is evidence that eye tracking is an effective tool to quantitatively assess the visuomotor behaviour of prosthesis users and the recorded eye metrics are sensitive to change in response to various factors. Additional studies are needed to validate the eye metrics used to assess cognitive load and sense of agency in upper limb prosthesis users.
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Introduction
The goal of advanced upper limb prostheses is to restore the highly dexterous and complex capacities of the human hand. Vision is among one of the most important senses in controlling the hand during object interaction [1]. Both individuals with an anatomical hand [2] and prosthetic hand [3] use vison to preplan movements by gathering information about the external environment. Visual fixations are directed at areas of interest prior to generating a motor command. As such, visuomotor coordination is required to achieve coordinated hand and arm function. Prosthesis users have an additional requirement to visually monitor the prosthesis, given the lack of feedback sensations that are typically provided by the anatomical hand. Novel prosthetic interventions are developed to facilitate increased functionality, while also minimizing the attentional demand associated with operating these devices. However, attentional demand can be difficult to quantify. When the gaze is focussed on a target of interest, information is processed through the fovea with high visual acuity [4]. Generally, the direction of gaze corresponds with the location of overt attention, however, does not consider covert attention that is processed through the peripheral vision [4]. Nevertheless, this principle has enabled researchers to use eye movement behaviours to measure the allocation of overt visual attention and provide insights into movement planning. Indeed, it wasn’t until recently that eye tracking research has become popular as a diagnostic tool aimed at measuring visual attention [5].
Eye tracking is a technology used to record eye movements to provide objective and unbiased insights into human gaze behaviour [6]. Modern video-based eye trackers use digital cameras to capture a series of images of the eyes. Different approaches have been employed to detect the pupil location in order to calculate the point at which the eyes are fixated [7]. By quantifying the timing and location of visual fixations, the coordination between eye and hand movements can be studied under different conditions to reveal important aspects of object interaction [2]. With the anatomical limb, the eyes precede the actions of the hands to provide movement planning information to successfully reach and grasp for target objects [8–11]. Eye tracking has been applied to identify biomarkers for cognitive impairment, as well as to track treatment progress in clinical populations such as autism spectrum disorder, schizophrenia, attention deficit hyperactivity disorder, and fetal alcohol spectrum disorder [12]. More recently, eye tracking has been utilized to evaluate the visuomotor behaviours of upper limb prosthesis users. Research in this area has further contributed to our understanding of human–machine interaction with prosthetic devices and provides a new way of potentially quantifying the usability of these devices. Currently, there is an absence of any review of eye tracking metrics within the upper limb prosthetic population. Therefore, with this growing body of literature surrounding the visuomotor behaviours of prosthesis users, there is an emergent need for a review of the literature.
A scoping review was designed to answer the question: what is known about the visuomotor behaviour of upper limb prosthesis users and which eye metrics have been used to evaluate prosthesis use? The aim of this scoping review was to identify the literature on the use of eye tracking to evaluate the behaviour of individuals using an upper limb prosthesis. In doing so, visual behaviours of prosthesis users were summarized, as well as the eye metrics used to describe these behaviours. Additionally, the literature search uncovered novel eye metrics beyond eye-hand coordination that show promise in assessing other features of prosthetic behaviour. This review paper serves to provide an understanding of how eye tracking metrics have been used to date in upper limb prosthetics research and to guide future research.

Methods
A scoping review protocol was published on the University of Alberta Education and Research Archive website detailing the methods for this scoping review [13]. The specific aims of this scoping review were: (i) to characterize the visuomotor behaviours of upper limb prosthesis users reported in the literature that have utilized eye tracking technology, (ii) to summarize the eye tracking metrics and variables commonly used to describe behaviours when manipulating a prosthetic hand, and (iii) to identify gaps in the literature and potential areas for future research. Five online databases: Medline, Embase, PsycInfo, ProQuest, and Google Scholar were searched for relevant academic literature published from the dates of their inception until December 1, 2021. The search strategy consisted of terms related to (i) upper limb amputation and prostheses and (ii) assessment of visuomotor behaviour using eye tracking technology. An example of the complete search strategy for Medline is included in the Appendix of the published protocol. Reporting for this scoping review follows the recommendations as outlined by the PRISMA-ScR statement and checklist [14].
Inclusion criteria were peer-reviewed journal articles in which (i) individuals with an upper limb amputation used a prosthesis or individuals with intact arm function used a simulated upper limb prosthesis, (ii) to accomplish an experimental task, (iii) while eye tracking data were collected. Conference papers and dissertations were included, however literature was excluded if the work was preliminary and later published in a peer-reviewed format, or if there were insufficient details to extract the required data. Literature reviews were excluded, as these were found to be summaries of included original papers on other topics, and no review papers were found on this review topic. Studies were excluded if eye tracking was not used as an outcome metric to describe visual behaviour, but rather for control in computer vision. Research on lower limb amputation or prosthesis use, and non-English articles were also excluded.
Title and abstract screening was performed independently by two reviewers (KC and MR). Although literature reviews were excluded from this scoping review, the reference list of two identified review papers were manually searched for relevant literature. This process was to ensure that the original literature was included in the review process. In addition, the following manual searches were conducted in Google Scholar: (i) upper limb prosthesis eye-tracking thesis, (ii) visuomotor control upper limb prosthesis, (iii) cognitive workload artificial limb, (iv) eye tracking artificial limb. All relevant literature was then selected for screening. Two reviewers (KC and MR) completed a full-text review to assess the eligibility of all retained literature. Any conflicts were resolved in consultation with the third reviewer (JH).
Data on the level of amputation, type of prosthetic device, type of eye tracker, primary eye metrics, secondary outcome metrics, experimental task, aims, and key findings were extracted to understand the ways in which eye tracking has been used to evaluate upper limb prosthesis use. Only data pertinent to the research question of this scoping review were reported in the results. Key themes from the literature were identified by grouping together common research goals and experimental methods. Subtopics were subsequently described as related to the overarching theme.

Results
Selection of sources of evidence
A database search in Medline, Embase, PsycInfo, ProQuest and Google Scholar produced a total of 204 articles. 65 duplicates were removed, resulting in 139 articles for further screening. After a title and abstract screening, 81 articles were excluded, and a full-text review was conducted on the remaining 58 articles. One article was added manually after reviewing the full text of identified literature. Once the articles were assessed for eligibility, a total of 17 studies were included in the review. The PRISMA diagram (Fig. 1) serves to illustrate this process visually and it includes the details of the reasons for exclusion.[image: ]
Fig. 1PRISMA flow chart



Characteristics of sources of evidence
Table 1 provides a summary of included study characteristics. All studies quantitatively assessed the behaviour of participants using eye tracking technology. Ten studies consisted of a cross-sectional design [3, 15–23], 3 studies included a repeated-measures study design [21, 24, 25], 2 were crossover studies [26, 27], and 4 were case studies [25, 28–30]. Of the included literature, 1 was a conference paper [23] and 2 were dissertations [16, 20].Table 1General study characteristics of the included literature


	References
	Study design
	Source of literature
	Population
	Number of participants

	Bouwsema et al. (2012) [17]
	Cross-sectional study
	Journal article
	Upper limb amputation
	6

	Sobuh et al. (2014) [25]
	Repeated-measures study (Experiment 1)
Case study (Experiment 2)
	Journal article
	Intact arm (Experiment 1)
Upper limb amputation (Experiment 2)
	7 (Experiment 1)
4 (Experiment 2)

	Chadwell et al. (2016) [30]
	Case study
	Journal article
	Intact arm
Upper limb amputation
	1
2

	Zhang et al. (2016) [23]
	Cross-sectional study
	Conference paper
	Intact arm
	20

	Raveh et al. (2017) [27]
	Crossover study
	Journal article
	Intact arm
	43

	White et al. (2017) [22]
	Cross-sectional study
	Journal article
	Intact arm
	20

	Chadwell et al. (2018) [18]
	Cross-sectional study
	Journal article
	Intact arm
Upper limb amputation
	20
20

	Parr et al. (2018) [24]
	Repeated-measures study
	Journal article
	Intact arm
	21

	Raveh et al. (2018) [26]
	Crossover study
	Journal article
	Upper limb amputation
	12

	Bayani et al. (2019) [15]
	Cross-sectional study
	Journal article
	Intact arm
	20

	Boser et al. (2019) [16]
	Cross-sectional study
	Thesis
	Upper limb amputation
	8

	Hebert et al. (2019) [3]
	Cross-sectional study
	Journal article
	Intact arm
Upper limb amputation
	16
8

	Parr et al. (2019) [21]
	Cross-sectional study (Experiment 1)
Repeated-measures study (Experiment 2)
	Journal article
	Intact arm
	20 (Experiment 1)
24 (Experiment 2)

	Zahabi et al. (2019) [29]
	Case study
	Journal article
	Upper limb amputation
	1

	Kaspersen et al. (2020) [20]
	Cross-sectional study
	Thesis
	Intact arm
	6

	Chadwell et al. (2021) [19]
	Cross-sectional study
	Journal article
	Upper limb amputation
	20

	Marasco et al. (2021) [28]
	Case study
	Journal article
	Upper limb amputation
	2





Synthesis of results
Participant characteristics were diverse and are summarized in Table 2. A total of 10 studies involved individuals with a limb difference, including 9 studies that tested individuals with transradial amputation [3, 16–19, 25, 26, 29, 30], 3 with transhumeral amputation [3, 16, 28] and one with shoulder disarticulation [28]. Participants with an amputation had a myoelectric prosthesis in 8 studies [3, 17–19, 25, 28–30], while others had a body-powered prosthesis in 2 studies [3, 16]. Nine studies evaluated the visual behaviour of individuals with intact arm function. Of those, 7 studies had individuals perform tasks using a simulated myoelectric prosthesis [21–25, 27, 30]. The simulated device used myoelectric signals to control a terminal device that bypassed the anatomic hand. Alternatively, a simulated body-powered prosthesis was employed in one study [15] and a myoelectrically-controlled virtual reality arm was used in another study [20] with participants who had intact arms. Figure 2 summarizes the type of prosthetic device and level of amputation of participants.Table 2Participant characteristics of the included literature


	References
	Sex ratio (M:F)
	Age*
	Level of amputation
	Type of prosthetic device
	Number of years using a prosthesis*
	Cause of amputation

	Bouwsema et al. (2012) [17]
	3:3
	36 ± 18 (19 to 59)
	Transradial
	Myoelectric prosthesis
	3.8 ± 2.3 (1 to 7) (calculated)
	Accident (3), congenital (3), illness (1)

	Sobuh et al. (2014) [25]
	4:3 (Experiment 1)
3:1 (Experiment 2)
	36 ± 10 (26 to 48) (Experiment 1)
49 ± 10 (35 to 56) (Experiment 2)
	Transradial
	Myoelectric simulator prosthesis (Experiment 1)
Myoelectric prosthesis (Experiment 2)
	20 ± 13 (2 to 32)
	Not reported

	Chadwell et al. (2016) [30]
	1:0
2:0
	21
(44 to 45)
	Transradial
	Myoelectric simulator prosthesis (1)
Myoelectric prosthesis (2)
	(1.5 to 35)
	Congenital

	Zhang et al. (2016) [23]
	10:10
	23.5 ± 2.36
	N/A
	Myoelectric simulator prosthesis
	N/A
	N/A

	Raveh et al. (2017) [27]
	18:25
	26 ± 6.6
	N/A
	Myoelectric simulator prosthesis
	N/A
	N/A

	White et al. (2017) [22]
	10:10
	23.5 ± 2.36
	N/A
	Myoelectric simulator prosthesis
	N/A
	N/A

	Chadwell et al. (2018) [18]
	9:11
14:6
	43 (23 to 61)
53 (18 to 75)
	Transradial
	Myoelectric prosthesis
	20 (1.5 to 39)
	Congenital (11), amputation (9)

	Parr et al. (2018) [24]
	13:8
	25.3 ± 5.05
	N/A
	Myoelectric simulator prosthesis
	N/A
	N/A

	Raveh et al. (2018) [26]
	11:1
	65 ± 13†
	Transradial
	Myoelectric prosthesis
	15.5 ± 6†§
	Not reported

	Bayani et al. (2019) [15]
	10:10
	24.7 ± 3.39 (18 to 34)
	N/A
	Body-powered simulator prosthesis
	N/A
	N/A

	Boser et al. (2019) [16]
	7:1
	(31 to 64)
	Transradial (5)
Transhumeral (3)
	Body-powered prosthesis (8)
	10.6 ± 4.3 (2 to 14) (calculated)
	Not reported

	Hebert et al. (2019) [3]
	8:8
8:0
	26 (18 to 43)
45 (30 to 64)
	Transradial (5)
Transhumeral (3)
	Body-powered prosthesis (6), myoelectric prosthesis (1), hybrid hand (1)
	11 ± 3.4 (4 to 14) (calculated)
	Not reported

	Parr et al. (2019) [21]
	12:8 (Experiment 1)
12:12 (Experiment 2)
	Experiment 1: 25.3 ± 5.05
Experiment 2: 24.4 ± 7.23
	N/A
	Myoelectric simulator prosthesis
	N/A
	N/A

	Zahabi et al. (2019) [29]
	1:0
	42
	Transradial
	Myoelectric prosthesis
	2
	Accident

	Kaspersen et al. (2020) [20]
	3:3
	26.8 ± 3.1 (23 to 32)
	N/A
	Myoelectric controlled virtual reality arm
	N/A
	N/A

	Chadwell et al. (2021) [19]
	14:6
	53 (18 to 75)
	Transradial
	Myoelectric prosthesis
	20 (1.5 to 39)
	Congenital (11), amputation (9)

	Marasco et al. (2021) [28]
	1:1
	(38 to 40)
	Shoulder disarticulation (1)
Transhumeral (1)
	Myoelectric prosthesis with touch and kinesthetic feedback tactors
	Not reported
	Not reported


*Values are given as the mean, with or without the standard deviation, in years, with or without the range in parentheses
†These data are given as the median with the interquartile range
§These data are given in hours per day


[image: ]
Fig. 2Type of prosthetic device and level of amputation of participants


Table 3 summarizes the experimental data collection methods. In general, object manipulation tasks were performed with the prosthetic hand while eye tracking data were collected. Tasks involved the Southampton Hand Assessment Procedure (SHAP) [31], as well as tasks modified from the SHAP [21, 24, 25]. Other experimental tasks included a dual task activity [26, 27], a clothespin relocation task [22, 23, 29], a cylinder task [18, 19, 30], a cup transfer task [3, 16, 28], and a pasta box task [3, 16, 28].Table 3Context and key findings of included studies


	Reference
	Aims
	Type of eye tracker
	Eye metrics
	Other outcome metrics
	Experimental task
	Key findings

	Bouwsema et al. (2012) [17]
	1) To provide a description of prosthetic control and performance
2) To relate clinical outcomes to kinematic measures
3) To identify parameters that characterize the skill level of a prosthesis user
	Head-mounted (model RK-826PCI, iScan Online, Inc; Dallas, Texas)
	Number of fixations and percent fixation
	End point kinematics, joint angles, grasp force control and SHAPa
	Performed direct and indirect grasping tasks with prosthesis and object manipulation with the non-disabled hand. Objects were solid or compressible. Participants also performed the SHAPa
	Two types of gaze behaviours were observed: 1) Visual fixations directed towards the object at the start of the trial and maintained; 2) Visual fixations switched repeatedly between the hand and object. Participants who did not use their prosthesis frequently had a higher total number of fixations, lower percent fixation to the object and higher percent fixation to the hand than frequent myoelectric prosthesis users. SHAPa scores did not correlate to measures of gaze behaviour

	Sobuh et al. (2014) [25]
	1) To characterize the visuomotor behaviours of participants with intact arm function learning to use a prosthesis simulator
2) To compare the visuomotor behaviours of participants with intact arm function and individuals with an upper limb amputation using a prosthesis
	Head-mounted (iView X™ HED 2, SenseMotoric Instruments GmbH, Tellow, Germany)
	Gaze sequence, percent fixation and number of fixations
	Movement time and SHAPa
	A carton pouring task using the anatomic or the prosthetic hand. The SHAPa was performed as training between testing sessions
	When using the prosthesis simulator for carton pouring, gaze was more fixated to the hand in reach and rarely fixated the glass, compared to gaze when using the anatomic hand
During manipulation, similar critical areas were focused on regardless of using the anatomic or prosthetic hand. There were significantly greater fixations and a lower SHAPa when using the prosthesis simulator, compared to using the anatomic hand. Training significantly improved SHAP for prosthesis simulator users but had no significant effect on gaze behaviour. Percent fixations, number of fixations during reach, movement times and SHAP scores were similar between subjects with intact arm function and prosthesis users. The number of fixations were higher for prosthesis users during manipulation

	Chadwell et al. (2016) [30]
	1) To assess factors of the prosthesis control chain, including EMG skill and electrode reliability
2) To evaluate performance, including kinematic and gaze patterns and myoelectric prosthesis usage
	Head-mounted (Dikablis Professional, Ergoneers)
	Number of fixations, percent fixation and percent of look-ahead fixations
	Success of task completion, task duration, aperture onset delay, plateau time during reach to grasp, kinematic variability and symmetry of real-world arm use
	Participants began by reaching and grasping for a cylinder rotating it 90°, then placing and releasing it into a tube. If over 80% of trials were successful, the same task was repeated with a smaller diameter cylinder. If less than 80% of trials were successful, the cylinder was placed vertically into a vertical tube
	Prosthesis User 1 was able to look ahead to the cylinder and tube, whereas Prosthesis User 2 spent most of the time monitoring the hand and cylinder during reach to grasp. Prosthesis User 1 looked ahead of the hand 76% of the time, while Prosthesis User 2 looked at the hand for over 50% of the time

	Zhang et al. (2016) [23]
	To compare the cognitive workload of individuals with intact arm function when using a myoelectric prosthesis simulator with direct control or pattern recognition control
	Remote (Facelab 5.1, Seeing Machines, Australia)
	Percent change in pupil size
	Number of clothespins successfully relocated
	Clothespin relocation task. Participants moved as many clothespins as possible between the horizontal and vertical bars within a 2-min trial
	The pattern recognition group had a greater task performance and lower cognitive load, as shown by a smaller increase in pupil size, than the direct control group. Task performance increased while cognitive workload decreased in later trials

	Raveh et al. (2017) [27]
	To evaluate the effects of adding vibrotactile feedback on visual attention and performance of individuals with intact arm function using a myoelectric prosthesis simulator in a dual task paradigm
	Remote (GP3 Desktop eye tracker, Gazepoint, Canada)
	Percent fixation to the screen
	Task completion time and percentage of error in secondary task
	Dual task involved using the left hand to toggle arrow keys to navigate a virtual car while grasping activities were performed with the prosthesis simulator. Dual tasks were performed with and without vibration
	Adding vibrotactile feedback had no effect on visual attention and task performance in a dual task

	White et al. (2017) [22]
	To compare the usability of direct control and pattern recognition control for individuals with intact arm function using a transradial myoelectric prosthesis simulator
	Remote (Facelab 5.1, Seeing Machines, Australia)
	Number of pupil size increases per second
	Number of clothespins successfully relocated and learning percentage
	Clothespin relocation task. Participants moved as many clothespins as possible between the horizontal and vertical bars within a 2-min trial
	Participants that used pattern recognition had a lower cognitive workload as shown by fewer increases in pupil size, greater task performance and an improved ability to learn compared to direct control. There was also a trend for task performance to increase across trials for both groups

	Chadwell et al. (2018) [18]
	1) To report real-world activity of prosthesis users and participants with intact arm function
2) To investigate whether measures of kinematic and gaze behaviour during a goal-directed task correlate to measures of upper limb activity
	Head-mounted (Dikablis Professional, Ergoneers)
	Percent fixation
	Prosthesis wear time, balance of activity between arms, success of task completion, task duration, delay plateau, reach plateau, acceleration temporal variability
	Participants began by reaching and grasping for a cylinder rotating it 90°, then placing and releasing it into a tube. If over 80% of trials were successful, the same task was repeated with a smaller diameter cylinder. If less than 80% of trials were successful, the cylinder was placed vertically into a vertical tube
	Prosthesis users relied on their anatomical side to perform daily activities whereas participants with intact arm function relied more on both dominant and non-dominant arms. There were no significant correlations between any measures of everyday use and measures of task performance

	Parr et al. (2018) [24]
	To explore the spatial and temporal disruptions to eye-hand coordination during prosthetic hand use in a fine motor task
	Head-mounted (Mobile Eye XG, Applied Science Laboratories, Bedford, MA)
	Percent fixation, target locking strategy and gaze shifting
	Task completion time
	Four coins on a board were sequentially picked up from right to left and placed in a jar located in the centre of the board. The task was first performed with the anatomic hand then the prosthetic hand
	When using the prosthetic hand, significantly greater visual attention was directed towards the hand and coin and less visual attention to other target areas, when compared to the anatomic hand. In all phases, more time was spent fixating the hand than the target when using the prosthetic hand. There was a significant delay for the eyes to disengage from the current target and shift to the next movement

	Raveh et al. (2018) [26]
	To evaluate the effects of adding vibrotactile feedback to myoelectric prostheses on visual attention and performance in a dual task paradigm
	Remote (GP3 Desktop eye tracker, Gazepoint, Canada)
	Number of fixations to the hand and percent fixation to the screen
	Task completion time and percentage of error in secondary task
	Dual task involved using the left hand to toggle arrow keys to navigate a virtual car while grasping activities were performed with the prosthesis. Dual tasks were performed with and without vibration
	Adding vibrotactile feedback reduced task performance time in a dual task activity performed by myoelectric prosthesis users. There was no effect of adding vibrotactile feedback on gaze behaviour

	Bayani et al. (2019) [15]
	To identify gaze strategies that develop implicitly during matched and mismatched limb training during action observation
	Head-mounted (Pupil Labs, binocular, Berlin, Germany)
	Percent fixation
	Movement time, number of errors, type of errors, peak height, peak velocity, peak lateral trunk movement, variability in lateral trunk movement and smoothness
	The task involved reaching and grasping for a disc and transporting it over a barrier to be placed in an open slot. Participants watched an instruction video performed either by an actor with a body-powered prosthesis (matched) or with the anatomic limb (mismatched). After watching the video, participants performed the task with the prosthetic hand
	In the mismatched group, gaze fixations were directed towards the start and endpoints of the action, whereas for the matched group, gaze was focussed on the path of the prosthesis and the shoulders. With matched action observation, the allocation of gaze shifted from the start and end locations towards monitoring the trajectory of the prosthesis across trials. There was a progressive improvement in motor control in the matched group

	Boser et al. (2019) [16]
	To characterize the visuomotor behaviour of transradial and transhumeral body-powered prosthesis users
	Head-mounted (Dikablis Professional, Ergoneers)
	Percent fixation, target locking strategy, number of fixations and eye latencies
	Task completion time, hand distance travelled, hand trajectory variability, number of movement units, peak hand velocity, percent to peak hand velocity, percent to peak hand deceleration, percent to peak grip aperture
	A cup transfer task involved moving two cups sequentially across a partition to two target locations then returning the cups to their starting locations. A pasta task involved moving a pasta box from a starting location on the side of the body to a centre shelf, then around a barrier to a second higher shelf, then to its starting location
	Transradial body-powered prosthesis users had longer task completion times, increased fixations to their prosthetic hand during reach and transport phases, and movements that were not as smooth compared to individuals with intact arm function. Look-ahead fixations to the drop-off target were within a normative range. Transhumeral body-powered prosthesis users had similar movements as transradial body-powered prosthesis users, however increased fixations to the hand in transport prevented the ability to look ahead to the drop-off target. In the cup transfer task, there were longer fixations to the terminal device during reach than the pasta task

	Hebert et al. (2019) [3]
	To determine whether different tasks performed by prosthesis users would result in different visuomotor behaviours
	Head-mounted (Dikablis Professional, Ergoneers)
	Percent fixation and eye latencies
	Movement time and upper body range of motion
	A cup transfer task involved moving two cups sequentially across a partition to two target locations then returning the cups to their starting locations. A pasta task involved moving a pasta box from a starting location on the side of the body to a centre shelf, then around a barrier to a second higher shelf, then to its starting location
	The cup transfer task required more visual attention to the hand than the pasta task during reach and transport phases, likely due to the risk of spilling the contents of the cup. In both tasks, users had prolonged eye latencies and less fixation on the current target compared to a normative group

	Parr et al. (2019) [21]
	1) To explore the spatial and temporal disruptions to eye-hand coordination during prosthetic hand use in a fine motor task
2) To explore the efficacy of a novel gaze training intervention on prosthetic hand skill learning and retention compared to movement training
	Head-mounted (Mobile Eye XG, Applied Science Laboratories, Bedford, MA)
	Target locking strategy and gaze shifting
	Task completion time, number of errors, alpha power and high alpha connectivity
	Experiment 1: picking up a jar filled with water over a barrier to a location on the other side of the board. The task was performed with the anatomic hand first followed by the prosthetic hand
Experiment 2: Four coins on a board were sequentially picked up from right to left and placed in a jar located in the centre of the board. A tea making task involved placing a mug on a place mat, adding and then stirring contents with a spoon
	With the prosthetic hand, participants focused significantly more on the hand and had a time delay to disengage visual attention in all phases of the jar task. There was also a global decrease in alpha power, indicating increased cortical activation and mental effort. Gaze training increased fixations to the target and speed of gaze shifts, reduced performance time, and improved neural efficiency compared to movement training. These improvements were transferred to a more complex tea-making task. Target locking strategy and faster gaze shifting were significant predictors of T7-Fz connectivity (indicates less conscious control) at retention and delayed retention with gaze training

	Zahabi et al. (2019) [29]
	To assess the validity of using a cognitive model to assess the mental workload of upper limb prosthesis use under direct control and pattern recognition control
	Remote (Facelab 5.1, Seeing Machines, Australia)
	Pupil size
	Task completion time and number of clothespins successfully relocated
	A single subject performed the clothespin relocation task with two different control modes on two separate days. A cognitive performance model was then constructed to compare the demands of using different control modes
	Significantly more clothespins were moved with pattern recognition compared to direct control. Using pattern recognition also resulted in a smaller pupil size, indicating lower cognitive load. The cognitive model indicated that there were fewer cognitive and motor operators with pattern recognition than direct control and no difference in the number of perceptual operators. The model underestimated task completion times

	Kaspersen et al. (2020) [20]
	To evaluate the feasibility of using an eye tracker to quantify the sense of agency towards a virtual limb controlled using myoelectric pattern recognition
	Head-mounted (Tobii Pro Glasses 2, Tobii AB, Stockholm, Sweden)
	Duration of fixations and number of fixations
	Reaction time
	Four onscreen virtual reality arms were controlled using myoelectric control. Different levels of noise were introduced to randomly reclassify movements to 3 of the 4 virtual arms, making them less controllable. Random arms would flash red at two random time points during each trial and participants were instructed to press a key when they detected a red flash
	Two types of gaze behaviours were observed. Participants either fixated on the centre of the screen and used peripheral vision to detect red flashes, or they moved around to fixate on each quadrant. Significantly more time was spent fixating on the most controllable virtual arm, however noise level did not affect the time taken to react to a red flash. Results suggest that visual attention is directed to the virtual arm that provides the best experience of agency to the participant

	Chadwell et al. (2021) [19]
	To establish the relative impact of control factors (signal acquisition, signal generation and device response) on user functionality (task performance, kinematics and gaze behaviour) and everyday prosthesis usage
	Head-mounted (Dikablis Professional, Ergoneers)
	Percent fixation and number of fixations
	EMG signal, reaction time, number of undesired activations, electromechanical delay, number of successes, task completion time, reach aperture plateau, movement variability, prosthesis wear time and balance of activity between arms
	Participants began by reaching and grasping for a cylinder rotating it 90°, then placing and releasing it into a tube. If over 80% of trials were successful, the same task was repeated with a smaller diameter cylinder. If less than 80% of trials were successful, the cylinder was placed vertically into a vertical tube
	A higher number of unwanted EMG activations was significantly correlated to lower success rate, longer task duration, higher temporal kinematic variability, increased fixations to the hand, decreased fixations to grasp critical areas during reach to grasp and increased gaze switches. Longer electromechanical delay was significantly correlated to shorter task duration, shorter length of aperture plateau, decreased fixations to the hand during transport, increased fixations to location critical areas during transport, fewer gaze switches and longer prosthesis wear time

	Marasco et al. (2021) [28]
	To quantify the performance of individuals who received targeted sensory and motor reinnnervation using metrics such as visual attention, cognitive demand, fine motor dexterity and ownership
	Head-mounted (Pupil Labs, binocular, Berlin, Germany)
	Percent fixation
	Prosthesis Efficiency and Profitability, Dynamic Prosthesis Incorporation, Grasping Relative Index of Performance, Adaptation rate
	A cup transfer task involved moving two cups sequentially across a partition to two target locations then returning the cups to their starting locations. A pasta task involved moving a pasta box from a starting location on the side of the body to a centre shelf, then around a barrier to a second higher shelf, then to its starting location
	Providing touch and kinesthetic feedback to prosthesis users with targeted sensory and motor reinnervation reduced fixations to the hand in reach and transport phases, and increased fixations to the next target location. Overall, the integration of bidirectional control allowed users to adopt more natural behaviours


aSouthampton Hand Assessment Procedure



To characterize the visual behaviours of participants, several eye metrics were recorded and are summarized in Table 3. The direction of gaze was recorded to determine the location of overt visual attention [4]. Key areas of interest (AOI) were defined in each study that were relevant to the specific task demands. Since areas unrelated to the goal of the task are rarely fixated [8–10], areas such as the hand, start location, end location and objects being manipulated were usually defined as AOIs. Eye metrics used to describe prosthetic visuomotor behaviour included both spatial and temporal information, such as when and where someone was looking. In the spatial domain, these metrics included the number of fixations, gaze sequence, duration of fixation, percent fixation and target locking strategy (TLS), and in the temporal domain, these metrics included eye latency measures. Figure 3 presents the distribution of eye metrics that are reported in the literature.[image: ]
Fig. 3Eye metrics reported in the literature to evaluate prosthetic visuomotor behaviour


To describe the spatial allocation of gaze, the number of fixations referred to the frequency of visual fixations to defined AOIs and was used to indicate how often the gaze switched between the hand and the target to monitor the trajectory of the prosthetic hand [16, 17, 19, 20, 25, 26, 30]. While the number of fixations only reported the frequency of fixations, gaze sequence provided additional information about the order of visual fixations to AOIs in addition to the location, and demonstrated the pattern in which visual fixations occurred throughout each trial [25]. Fixation duration referred to the absolute time in seconds that the gaze fixated onto an AOI [20]. This metric is useful in comparing the absolute amount of attention towards an AOI during fixed time trials. However, for trials that are variable in length, percent fixation was generally used as a preferred metric to compare the relative allocation of visual attention to the hand and target areas. Percent fixation was defined as the amount of each phase that was spent fixating a given AOI and was represented as a percentage of each phase [3, 15–19, 24–28, 30]. Additionally, TLS was the difference between the percentage of time spent fixating the target and the hand [21, 24]. Using this metric, a more positive value reflected more time spent fixating the target, whereas a more negative value indicated more time spent fixating the hand [21, 24]. A score close to zero represented a gaze switching strategy, in which equal amounts of time were spent fixating the target and the hand [21, 24]. Together, these metrics provide a detailed description of the efficiency of gaze control and where upper limb prosthesis users predominantly focus their attention.
To describe the temporal relationship between eye and hand movements, eye latency measures were defined as the time in seconds that the eyes precede or follow the movement of the hand [3, 16, 21, 24]. Eye arrival latency described the timing in which the eyes fixated the target location before the arrival of the hand [2]. Eye leaving latency referred to the timing to disengage gaze from the target of interest [2]. Note that Parr et al. [21, 24] described the same metric which they referred to as gaze shifting. A negative time indicated that the eyes were ahead of the hand, while a positive time reflected the time in which the eyes lagged behind the hand. This metric is useful in understanding human–machine interactions, as it uncovers the temporal dynamics between the location of visual attention and the location of the prosthetic hand and objects.
Additional eye metrics described in the literature measured pupil dilation to describe the cognitive workload associated with prosthetic use. These metrics included pupil size, percent change in pupil size, and number of pupil size increases. Pupil size was measured as the average diameter of the pupil in millimeters during a trial [29]. Percent change in pupil size was measured as the difference between the maximum pupil diameter and minimum pupil diameter at baseline, relative to the baseline pupil diameter [23]. This metric did not account for differences in individual pupil sizes, which may not be appropriate for a between-subject design [23]. Number of pupil size increases, therefore, measured the number of times that the pupil diameter increased per second [22], as an index of cognitive activity [32] and was less susceptible to environmental factors [22].

Thematic synthesis
Three main themes were identified in the reviewed literature: (i) general visuomotor behaviours of prosthesis users, (ii) different experimental conditions across research groups, and (iii) changes in gaze behaviour in response to various factors. In addition, other exploratory areas of eye tracking in prosthesis research were uncovered in the literature that do not coincide with the aforementioned themes. Early studies aimed to characterize the visuomotor behaviours of upper limb prosthesis users. Across research studies, differences in experimental protocols revealed significant differences in these behaviours. Later work began to use eye tracking as an outcome measure to assess the effectiveness of novel prostheses interventions. Lastly, two additional areas of prosthetic behaviour, cognitive workload and sense of agency, used eye metrics for evaluation.


Discussion
Characteristics of visuomotor behaviours of upper limb prosthesis users
Eye-hand coordination of prosthesis users
When reaching and grasping with the anatomic limb, the eyes tend to fixate on a target ahead of the hand movement and maintain fixation on that target while executing the task. Thus the eyes rarely fixate on the hand [8]. Prosthesis users, however, have been shown to exhibit different patterns of visuomotor behaviour. The literature consistently demonstrated that when reaching and grasping for an object with the prosthetic hand, the eyes fixated more towards the hand and less towards the target [3, 16, 17, 21, 24, 25]. Other studies further revealed increased fixations to the prosthetic hand when transporting an object [3, 16, 21, 24]. The reliance on vision to monitor the hand was described to be due to grip insecurity and deficits in sensory feedback [3, 16, 21, 24, 30]. In addition, a gaze switching strategy was identified, in which prosthesis users continuously switched between visually monitoring the hand and the target, as indicated by an increased number of fixations [17, 25] and a low TLS score [21, 24]. Some studies further showed that there was a significant delay for the eyes to disengage from the current target and shift to the next target when manipulating objects with a prosthesis [3, 16, 21, 24].
Disruptions to normative eye-hand coordination that have been highlighted in the literature are reflective of an increased visual dependency to compensate for difficulties associated with prosthetic use. The increased attentional demand that is needed to visually monitor the activity of the prosthesis can be one factor that is cognitively demanding and is often reported to be the primary reason for device dissatisfaction and rejection [33, 34]. Since haptic and proprioceptive feedback are lost with amputation, it is likely that vision is used as a feedback mechanism to ensure a stable grip [35]. This reliance on vision prevents the eyes from looking ahead towards target objects to plan for upcoming actions [21, 24]. Therefore, adjustments to the hand need to be actively controlled and can place a high cognitive demand on the user [21].

Gaze behaviour as an indicator of skill level
The development of eye-hand coordination during human development phases is well-defined. In the initial stages of motor learning, vision is used as a feedback mechanism to monitor the actions of the hands [36]. As skill develops, vision shifts to be predictive of hand movements and the eyes are able to look ahead towards the target [36]. Presumably then, the reliance on vision to monitor the prosthesis would decrease with experience and more highly skilled prosthesis users would demonstrate eye-hand coordination typically observed in individuals with intact arm function. Some studies [17, 24, 25] have suggested that more experienced prosthesis users behave similarly to individuals with intact limbs, however findings have been inconsistent.
Parr et al. [24] suggested that prosthetic eye and hand movements remain temporally coupled. Results of their study revealed that the timing of gaze shifts was a significant predictor of task performance time, therefore the ability to shift vision away from the hand towards the target resulted in faster movements [24]. Another study however, showed that the gaze strategies of experienced prosthesis users are highly variable [17]. While some experienced users fixated predominantly towards the target, others switched between monitoring the hand and the target. Measures used to describe the spatial allocation of visual attention, including percent fixation and number of fixations, thus were not related to skill level [17] or everyday usage [18]. Despite clear differences in the visuomotor behaviours of individuals with intact arm function and prosthesis users, it is unclear from the findings to date, whether behaviours that more closely resemble normative eye-hand coordination are indicative of a higher prosthesis skill level.
Disruptions to the development of typical patterns of eye-hand coordination reported in upper limb prosthesis users can also be attributed to the unreliability of prosthetic devices. A multitude of factors, such as electrode shift, electrode impendence, and fatigue affect the reliability of myoelectric control [37], preventing typical sensorimotor mapping rules from developing [38]. As a result, it is likely that vision maintains fixated on the prosthetic hand, even as skill progresses to compensate for the unpredictable control. Future work should investigate the relationship between gaze behaviour and skill level, and whether addressing the unpredictability of myoelectric control can alleviate demand on the visual system.


Experimental conditions can influence visuomotor behaviours
The visuomotor behaviours of prosthesis users has been characterized across multiple research groups that have employed different experimental conditions. The general findings were largely in concordance with one another, apart from a few studies that indicated that the type of prosthetic device and experimental task produced notable differences in prosthetic behaviour.
Type of prosthetic device
Participants with intact arm function using a simulated prosthesis and individuals with amputation using a prosthesis have demonstrated similar eye and hand movement patterns when using a prosthetic device. Sobuh et al. [25] demonstrated that participants using a simulated myoelectric prosthesis and experienced myoelectric prosthesis users had similar gaze fixations, movement times, and SHAP scores. In addition to similarities in visuomotor behaviours between the two groups, the compensatory movement patterns of individuals using a simulated device have also been shown to be similar to individuals with an upper limb amputation when using a myoelectric prosthetic device [39]. Although this evidence suggests that the use of a simulator prosthesis is an acceptable proxy for studying upper limb prosthesis use, considerations should be made concerning the translatability of results to prosthesis users. The attachment of a terminal device to a simulated prosthesis presents several challenges. The position of the terminal device can affect the centre of mass or obscure the view of the prosthesis [40], which may affect visuomotor behaviour. In addition, the long-term use of a simulated prosthetic device has yet to be explored, therefore it is unknown whether visuomotor behaviours observed during initial testing sessions are representative of long-term device use for prosthesis users. However, recruiting participants with intact arm function as an alternative to upper limb prosthesis users allows a larger sample size to increase the statistical power of the results. Novice users are also assumed to have no experience with operating a prosthetic device, whereas prosthesis users typically have varied experience levels [17]. Using naïve participants allows researchers to control for level of experience when evaluating novel research interventions.
In general, myoelectric and body-powered prosthesis users demonstrated similar visuomotor behaviours. Both myoelectric and body-powered prosthesis users took longer to complete tasks with the prosthetic hand compared to the anatomical hand and a disproportionate amount of time was spent fixating the prosthesis when reaching and transporting objects [3, 16, 25]. However, some notable differences in gaze behaviour were observed that were unique to body-powered prosthetic use. A gaze switching strategy was not evident in transradial body-powered prosthesis users likely due to the mechanics of these types of devices [16]. Unlike the unreliable nature of myoelectric control that may cause the prosthetic hand to unexpectedly open, a voluntary open hook was used, which remained closed on objects once grasped. Since a relatively stable grasp can be achieved with this type of terminal device, vision was not required to monitor the prosthetic hand. This device, along with an intact elbow providing some proprioceptive feedback, enabled users to look ahead towards the drop-off target within a normative range of behaviour [16]. However, transhumeral body-powered prosthesis users faced an additional visual demand with increased fixations to the terminal device in transport that prevented the ability to look ahead to the drop-off target [16]. Researchers should therefore consider how the type of prosthetic device as well as the level of amputation might affect overall research outcomes.

Experimental task conditions
Across research groups, different experimental tasks were employed to study the visuomotor behaviours of prosthesis users. Interestingly, despite these differences, the observed gaze behaviours were consistent across studies [16, 17, 21, 24, 25]. This finding is in accordance with non-disabled eye-hand coordination studies that have also shown remarkable agreement across various functional tasks, which has led to important generalizations about human behaviour [8–11]. The majority of studies included in this review paper involved relatively simple tasks that were performed in a seated position and largely limited to the task space directly in front of the participant [17–19, 24, 25, 30]. Individuals with upper limb amputation are known to use their prosthesis for a broad range of activities of daily living (ADL). The prosthesis is most frequently used in bimanual tasks to assist the intact limb [41]. In addition to desk procedures, similar to the experimental tasks of the included studies, common ADLs involving prosthetic use include housework, shopping, eating and cooking [42]. Therefore, the limited movements of these experimental tasks may, not be generalizable to prosthesis user functionality in everyday tasks [18].
Only one study specifically addressed the different task demands of two goal-oriented object manipulation tasks on the visuomotor system [3]. A pasta box task and a cup transfer task were developed to represent daily activities [43] and validated to quantify gaze behaviour [2]. The pasta box task required gross movements to transport a pasta box from various shelf heights, whereas the cup transfer task involved transporting compliant cups filled with beads [43]. The different task demands revealed differences in visuomotor compensatory strategies, in which the cup transfer task required more visual attention to the hand than the pasta box task during reach and transport phases. Since the cups are deformable, the authors explained that visual attention towards the hand was likely a cautious strategy to ensure contents of the cup were not spilled [3]. Therefore, the cup transfer task was applicable in evaluating gaze strategy in relation to grasping skills (including maintaining grasp during transport), whereas, the pasta box task challenged users in various planes of movement that required users to adapt their visual behaviours [3]. These findings highlight the importance of considering the task being used when measuring visual behaviour. Experimental conditions should include scenarios that represent activities of daily living, as lab-based tasks may not be representative of eye movement behaviours in the real world [44].
In addition to experimental task selection, the type of eye tracker should also be considered in the experimental design. Remote eye trackers restrict head and body movements to the area directly in front of the eye tracker for reliable gaze recording. Such postural constraints have been shown to affect gaze behaviour, specifically, the velocity of saccades was shown to increase when the head was restricted [45]. When the head was unrestrained and could move freely in the recording area of the remote eye tracker, data loss and spatial accuracy errors were apparent [46]. Head-mounted eye trackers, on the other hand, maintain ecological validity and allow for natural eye movements. In accompanying more functional tasks of daily living, researchers should consider preferentially using a head-mounted eye tracker to allow for natural eye, head, and hand movements that are representative of real-world scenarios.


Responsiveness of eye metrics to various factors
To date, the use of eye tracking technology has enabled researchers to establish a characteristic visuomotor behaviour of upper limb prosthesis users that differs from the behaviours of individuals with intact arm function. However, the question remains whether eye tracking metrics are sensitive enough to effectively assess functional improvements, such as to reduce the visual demand associated with prosthetic use. The following section will explore the effects of control systems, sensory feedback, and training on gaze behaviour and provide evidence that eye metrics are sensitive to various factors.
Prosthetic control chain
Myoelectric prostheses are challenging to control as there are many factors involved in controlling a prosthesis, which can explain why vision is drawn towards the prosthetic hand. Minimizing uncertainty in the controller can improve grasp performance [35] and also has the potential to reduce visual attention towards the hand. Research on the prosthetic control chain has investigated factors such as signal generation, signal acquisition, and device response [18, 19, 30].
To understand which control factors may contribute to improving user functionality, Chadwell et al. [18, 19, 30] investigated the relationships between each of these control factors and measures of functionality and everyday prosthesis usage. Their results showed that gaze behaviour was significantly disrupted by mechanical issues, such as unpredictability and electromechanical delay, and was not related to skill in controlling the electromyography (EMG) signal [19]. Unpredictability, as defined by a higher number of unwanted EMG activations, was significantly correlated to lower success rate, longer task duration, higher temporal kinematic variability, increased fixations to the hand, decreased fixations to target areas during reach to grasp, and increased gaze switches [19]. Longer electromechanical delay was also related to improved performance, such as shorter task duration, shorter length of aperture plateau, decreased fixations to the hand during transport, increased fixations to target areas during transport, fewer gaze switches, and longer prosthesis wear time [19]. This finding was in contrast to their hypotheses and is counterintuitive. The effect of device delay on user performance is not well understood, however the authors speculate that increased mechanical delays may actually reduce undesired activations of the prosthesis. Additional research is needed to investigate the interactions between mechanical issues and their influence on visuomotor behaviours.
The addition of a prosthesis introduces unpredictable control, which appears to drive the dependency on vision to monitor the hand. Gregori et al. [47] revealed that when individuals with a transradial amputation were asked to grasp and manipulate objects with their missing limb rather than their prosthesis, they demonstrated similar visuomotor behaviours as individuals with intact arm function. Therefore, it is likely that the complexities of translating muscle signals into actions of the prosthesis is what introduces the disruptions to gaze behaviours. Together, these findings point towards a need to address factors affecting control reliability and future work should consider including eye tracking as an outcome measure to assess the usability of novel control systems.

Sensory feedback systems
The integration of sensory feedback systems in myoelectric prostheses have shown promise in improving performance [48], and some researchers have investigated whether adding supplementary feedback can reduce the visual attention on the hand. One research group studied the potential of adding supplementary sensory feedback to normalize gaze behaviour [26, 27]. In their testing paradigm, vibrotactile feedback had no effect on gaze behaviour in participants using a simulated myoelectric prosthesis [27] or myoelectric prosthesis users [26]. A dual-task was used to test differences in gaze behaviour, whereby performance on a primary task assessed the amount of cognitive effort exerted for that task, while performance on a secondary task assessed the remaining cognitive capacity [49]. This testing paradigm may not have been appropriate for discriminating differences between conditions with and without feedback, as the authors suggested that the secondary task was too simple and may not have adequately challenged the user [26, 27]. In addition, the location of gaze may not discern attentional demand in a dual task, as the locus of attention can differ from the location of gaze, particularly when information is processed through the peripheral vision [4]. In the included studies, the effectiveness of sensory feedback was not tested over multiple training sessions. Markovic et al [50] demonstrated that the relevance of feedback is related to the prosthesis user’s experience level. Feedback was only beneficial in reducing task completion time after subjects trained over multiple sessions to learn to control a prosthesis [50]. Therefore, the integration of supplemental feedback into the motor control loop may require time before feedback becomes useful in reducing the reliance on visual feedback.
Although prosthesis users lack touch and proprioceptive feedback, incidental feedback is relayed to the user through visual and auditory cues. Many studies have compared supplementary feedback to baseline conditions where vision is occluded. This method provides a means of isolating the effects of supplementary sensory feedback and has been shown to be useful in controlling grip aperture, grasping force, joint position, and object size and stiffness discrimination [51]. However, few of these studies have considered if supplementary feedback provides additional benefits in the presence of visual feedback. Sensinger and Dosen [51] recommended that the modality of feedback should be purposeful in relaying variables to the user that are not redundant with the information that is already provided through visual feedback. There is currently an absence of evidence to determine whether supplementary feedback is beneficial in reducing the reliance of vision to monitor the prosthesis.
However, one study [28] has demonstrated that restoring sensory feedback through natural channels can restore typical patterns of visuomotor behaviour. Targeted reinnervation is a surgical technique that provides intuitive bidirectional control by rewiring nerves from the amputated limb to new target sites in the muscles and skin [52]. Tactors were integrated into the prosthesis to provide physiologically matched touch and kinesthetic feedback to the reinnervated skin and muscle sites [28]. Compared to no feedback, providing kinesthetic and tactile feedback reduced fixations to the prosthetic hand when reaching and transporting objects, and increased visual fixations to the next target location [28]. In this study, eye tracking was shown to objectively assess visuomotor behaviours of prosthesis users during a goal-directed task and was sensitive to detect functional changes in response to a novel sensory feedback intervention. Given these findings, future work should incorporate the use of eye tracking to ascertain the ability for sensory feedback systems to reduce the burden on the visuomotor system.

Training interventions
The goal of training is to improve functional outcomes of prosthesis users. Although training can improve speed [53] and performance [25], less is known about the effects of prosthetic training on gaze behaviour. The reviewed literature reveals that there are notable differences in the way in which persons learning to use an upper limb prosthesis are trained, which can affect functional outcomes. For example, different implicit gaze strategies were developed when observing an instructor with amputation demonstrate a task using a body-powered prosthesis, as opposed to an instructor with intact arm function who demonstrated the same task using their anatomic limb [15]. Those who were trained with observing the body-powered prosthesis user focussed primarily on the path of the prosthesis and the shoulders, which may have facilitated kinematic improvements when executing the task [15]. Therefore, guiding users to adopt gaze fixation patterns that are task specific may be beneficial in promoting more efficient motor learning during prosthesis use.
In fact, one study [21] explored the use of gaze training to teach novice prosthesis users. Gaze training is an implicit learning strategy that teaches users to adopt eye movement behaviours that are similar to expert users by encouraging users to look ahead towards the target instead of monitoring the hand. In contrast, traditional movement training instructs users on how to move their limbs, which can place a high attentional demand on using the prosthetic device. Gaze training resulted in greater fixations towards the target, shorter latencies for the eyes to shift to the next target and shorter performance times than movement training [21]. Not only did gaze training reduce the attentional demand that is associated with prosthetic hand use, but also the cognitive demand, as measured by EEG connectivity between T7 and Fz regions. The interaction between motor planning (Fz) and verbal-analytical (T7) regions of the brain were reduced with training, which reflected a reduction in conscious movement control [21]. Therefore, encouraging users to fixate the target improved neural efficiency and the usability of the prosthetic device. Importantly, those who received traditional movement training demonstrated no improvement in gaze behaviour, despite significant improvements in performance time [21]. The authors indicated that prosthesis users appear to maintain an overreliance on vision to compensate for prosthesis unpredictability and may not be capable of achieving feedforward gaze control through repeated practice. These results suggest that specific focus should be placed on teaching cognitive strategies during training that are aimed at reducing visual attention to improve functional outcomes.


Other uses of eye tracking to evaluate prosthetic behaviour
Pupil dilation used to measure cognitive load
Eye tracking has also been applied to measure changes in pupil size during prosthesis use to assess cognitive workload. Previous studies have attributed visual attention towards the hand as a proxy for cognitive demand but did not provide a direct measure of this experience [24, 25]. Pupil dilation could provide a direct, yet relatively unobtrusive method of measuring the cognitive workload associated with controlling a prosthesis. The pupils have been shown to dilate during mentally demanding activities, such as thinking and memory recall, and return to baseline following the mental task [54]. The benefit of measuring pupil dilation is that it is an objective and unbiased measure. Changes in pupil size are not voluntarily controlled by the user [55] and an eye tracker allows for natural movements. The drawback however is that pupillary size can respond to changes in light and can be confounded by other physiological factors such as anxiety and stress [56]. Other physiological measures (e.g. electroencephalography) require laborious experimental setup that can be obtrusive to the individual, can hinder their functional abilities, and may be susceptible to movement artefacts [57].
Measures of pupil diameter have been commonly used to measure cognitive load in the general population [56]. Recently, these metrics have also been applied to quantify cognitive load in the context of prosthesis use. Cognitive load was evaluated to compare the usability of two different control schemes: direct control and pattern recognition. Pattern recognition was determined to be less cognitively demanding than direct control, as indicated by a smaller change in pupil size [23] and fewer pupil size increases [22]. Since direct control requires additional mental steps to switch between control modes, the authors concluded that pattern recognition was more intuitive to use [22, 23]. In addition, task performance increased across trials for both control modes [22, 23], however pattern recognition was easier to learn and led to superior performance compared to direct control [22]. Zahabi et al. [29] further performed a cognitive modelling study using the average pupil size to predict the cognitive load of the two different control modes. Their predictions corroborated with the findings of previous studies [22, 23] and indicated that fewer cognitive processes and motor commands were required for the pattern recognition control, making it less cognitively demanding than direct control. Evidently, pupil dilation shows promise as a means to non-invasively measure cognitive workload. Future work should address the reliability and validity of pupil dilations in quantifying cognitive workload of prosthesis users.

Fixation duration used to measure sense of agency
The sense of agency towards a prosthetic limb can be described as the experience of voluntary control over a prosthetic limb to reliability perform movements as intended by the user [58]. This experience of agency is essential for the prosthesis to be embodied as part of one’s own body [58]. Typically, to assess agency, explicit and implicit measures have been defined [59]. For example, questionnaires are used to explicitly report the experience of an experiment, but self-report relies on users to retrospectively recall the experiment and phrasing of the questions can influence outcome measures [59]. An example of an implicit measure is the intentional binding effect, in which the perceived time interval between a voluntary action and a resulting cue appear shorter than when the action is involuntary [59].
One preliminary feasibility study investigated the use of eye tracking to measure the sense of agency towards a prosthetic limb. Using gaze behaviour and reaction time in a simple detection task was shown to be feasible in assessing the perceived sense of agency [20]. Participants in this study simultaneously controlled four virtual onscreen arms that portrayed active grasp using EMG signals. Different noise levels were introduced to these virtual arms, to randomly reclassify the intended movements. Findings demonstrated that participants spent more time fixating on myoelectric-controlled virtual arms that were most controllable and corresponded to the actual movement intent recorded by EMG signals (i.e. no random noise) [20]. The authors suggested that visual attention is directed towards the virtual arm that provides the best sense of agency [20]. Although there was a significant difference in the allocation of visual attention to different virtual arms, the translatability of such evidence should be considered during functional tasks where visual monitoring of the prosthetic hand is undesirable [3, 16, 17, 21, 24, 25]. Visual and proprioceptive cues about our bodily movements are needed to perceive control over one’s voluntary actions [60]. In this experimental design, where a virtual arm was controlled, vision was the only mode of feedback, as participants did not receive proprioception from a physical arm to perform a functional task. It is therefore reasonable that participants fixated the most controllable virtual arms, however, the sense of agency cannot be confirmed with vision alone. To the best of our knowledge, eye tracking has not been otherwise implemented in prostheses research to measure the experience of agency. As this study is very preliminary, future work is needed to understand the role of vision towards the sense of agency and to test the validity of fixation duration as a metric to evaluate prosthetic agency.


Limitations and future work
Although this scoping review has compiled a collection of studies that have used eye tracking to assess the visuomotor behaviours of upper limb prosthesis users, we have not provided the reader with a critical discussion around the eye tracking technology itself. Many of the included studies provided limited details on their eye tracking setup. As such, future work should consider providing additional details on eye data collection, processing, and analysis methods for a more comprehensive insight into the technology. A review of the eye tracking technology applied to a wider population would serve useful in highlighting the limitations of eye trackers and the implications in understanding visuomotor behaviours.
To describe the visuomotor behaviours of prosthesis users, researchers have utilized visual fixations to infer cognitive effort. However, this metric only captures overt visual attention and does not encapsulate all of the cognitive, physical and emotional workload characteristics experienced by prosthesis users. Presently, only pupil dilations have been explored as an eye metric to directly quantify the cognitive workload of prosthesis users, although additional work is needed to verify the validity of this metric. Recent work has shown promise in developing a valid measure of cognitive workload and using eye tracking to correlate workload with visual attention [61]. Fixations towards the hand were related to a multitude of factors that represent mental workload, such as mental demands, physical demands, visual demands, conscious processing, frustration, etc. [61] This prosthesis user-specific workload measure may serve useful in future research to better understand the multifaceted challenges of prosthetic use.
An additional eye metric that has not yet been explored in prosthetics research is blink rate. Eye blink metrics have revealed cognitive processes in non-disabled populations, as these are known to be dependent on levels of mental activity [62]. In healthy humans, blinks occur around 15–20 times per minute [63] and have been shown to be reduced in mentally demanding tasks or when engagement levels were high [64]. Therefore, eye blink metrics may potentially provide researchers with another marker of cognitive effort in prosthesis users that could be explored in future work.


Conclusion
The literature revealed a remarkably characteristic visuomotor behaviour of upper limb prosthesis users across research studies. In contrast to the visuomotor behaviour of individuals with intact arm function, prosthesis users fixate more towards their hand and less towards target objects or locations. The reliance on vision to monitor the prosthetic hand prevents users from looking ahead towards future targets to plan for subsequent actions. Despite visuomotor behaviours that were mainly consistent, considerations should be made regarding the type of prosthesis and experimental task, as these may challenge the visuomotor system differently. Early work could not demonstrate that visuomotor behaviour was related to skill level or everyday usage. Therefore, it is unknown whether greater functionality is also marked by improved gaze behaviour and future work should investigate this gap in our knowledge.
Evidence has shown that gaze behaviour is related to prosthetic control and can be modulated with interventions, such as sensory feedback and training protocols. Importantly, eye tracking is a tool that provides a quantitative means of assessing human visuomotor behaviour and facilitates the understanding of the impact of prosthetic interventions to alleviate visual and cognitive demands. Research should thus consider including eye tracking as an outcome measure when evaluating novel interventions. Overall, the findings are promising, although more studies are needed with larger sample sizes to substantiate the repeatability and validity of the current findings. Eye metrics have also been used to study the cognitive load and sense of agency of upper limb prosthesis users. The literature to date suggests promising results in quantifying these phenomena, however more work is needed to validate the use of these eye metrics in an upper limb prosthesis user population.

Acknowledgements
Not applicable.

Author contributions
KC, MR, and JH were involved in the study design and study selection process. KC performed the data extraction. KC and JH drafted the manuscript. All authors read, reviewed and approved the final manuscript.

Funding
KC was supported by the Natural Sciences and Engineering Research Council of Canada (NSERC).

Availability of data and materials
All data generated or analysed during this study are included in this published article and its supplementary information files.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Desanghere L, Marotta JJ. The influence of object shape and center of mass on grasp and gaze. Front Psychol. 2015;6:1537.PubMedPubMedCentral

	2.
Lavoie EB, Valevicius AM, Boser QA, Kovic O, Vette AH, Pilarski PM, et al. Using synchronized eye and motion tracking to determine high-precision eye-movement patterns during object-interaction tasks. J Vis. 2018;18(6):18.PubMed

	3.
Hebert JS, Boser QA, Valevicius AM, Tanikawa H, Lavoie EB, Vette AH, et al. Quantitative eye gaze and movement differences in visuomotor adaptations to varying task demands among upper-extremity prosthesis users. JAMA Netw Open. 2019;2(9): e1911197.PubMedPubMedCentral

	4.
Vater C, Williams AM, Hossner EJ. What do we see out of the corner of our eye? The role of visual pivots and gaze anchors in sport. Int Rev Sport Exerc Psychol. 2020;13(1):81–103.

	5.
Cognolato M, Atzori M, Müller H. Head-mounted eye gaze tracking devices: an overview of modern devices and recent advances. J Rehabil Assist Technol Eng. 2018;5.

	6.
Morimoto CH, Mimica MRM. Eye gaze tracking techniques for interactive applications. Comput Vis Image Underst. 2005;98(1):4–24.

	7.
Petersch B, Dierkes K. Gaze-angle dependency of pupil-size measurements in head-mounted eye tracking. Behav Res. 2022;54(2):763–79.

	8.
Land MF, Hayhoe M. In what ways do eye movements contribute to everyday activities? Vision Res. 2001;41(25–26):3559–65.PubMed

	9.
Land MF. Vision, eye movements, and natural behavior. Vis Neurosci. 2009;26(1):51–62.PubMed

	10.
Tatler BW, Hayhoe MM, Land MF, Ballard DH. Eye guidance in natural vision: reinterpreting salience. J Vis. 2011;11(5):5.PubMed

	11.
Hayhoe M, Ballard D. Eye movements in natural behavior. Trends Cogn Sci. 2005;9(4):188–94.PubMed

	12.
Wolf A, Ueda K. Contribution of eye-tracking to study cognitive impairments among clinical populations. Front Psychol. 2021;12: 590986.PubMedPubMedCentral

	13.
Cheng K, Rehani M, Hebert JS. Visuomotor behaviour of upper limb prosthesis users: protocol for a scoping review. https://​era.​library.​ualberta.​ca/​items/​617897a1-f035-4835-aaa8-90ba434000aa (2021). Accessed 5 Oct 2022.

	14.
Tricco A, Lillie E, Zarin W, O’Brien K, Colquhoun H, Levac D, et al. PRISMA extension for scoping reviews (PRISMA-ScR): checklist and explanation. Ann Intern Med. 2018;169(7):467–73.PubMed

	15.
Bayani KY, Lawson RR, Levinson L, Mitchell S, Atawala N, Otwell M, et al. Implicit development of gaze strategies support motor improvements during action encoding training of prosthesis use. Neuropsychologia. 2019;127:75–83.PubMedPubMedCentral

	16.
Boser QA. Characterizing the visuomotor behaviour of upper limb body-powered prosthesis users. [Master's thesis]. [Edmonton, Canada]: University of Alberta; 2019. Available from: https://​era.​library.​ualberta.​ca/​items/​b2931eef-1dd9-4b97-8b45-56f2a0f29501. Accessed 8 Aug 2022.

	17.
Bouwsema H, Kyberd PJ, Hill W, van der Sluis CK, Bongers RM. Determining skill level in myoelectric prosthesis use with multiple outcome measures. J Rehabil Res Dev. 2012;49(9):1331–48.PubMed

	18.
Chadwell A, Kenney L, Granat MH, Thies S, Head J, Galpin A, et al. Upper limb activity in myoelectric prosthesis users is biased towards the intact limb and appears unrelated to goal-directed task performance. Sci Rep. 2018;8(1):11084.PubMedPubMedCentral

	19.
Chadwell A, Kenney L, Thies S, Head J, Galpin A, Baker R. Addressing unpredictability may be the key to improving performance with current clinically prescribed myoelectric prostheses. Sci Rep. 2021;11(1):3300.PubMedPubMedCentral

	20.
Kaspersen T. Objective measurement of the experience of agency during myoelectric pattern recognition based prosthetic limb control using eye-tracking. [Master's thesis]. [Gothenburg, Sweden]: Chalmers University of Technology; 2020. Available from: https://​odr.​chalmers.​se/​items/​151b9594-f869-483c-91ef-aff7e08280d6. Accessed 8 Aug 2022.

	21.
Parr JVV, Vine SJ, Wilson MR, Harrison NR, Wood G. Visual attention, EEG alpha power and T7-Fz connectivity are implicated in prosthetic hand control and can be optimized through gaze training. J Neuroeng Rehabil. 2019;16(1):52.PubMedPubMedCentral

	22.
White MM, Zhang W, Winslow AT, Zahabi M, Zhang F, Huang H, et al. Usability comparison of conventional direct control versus pattern recognition control of transradial prostheses. IEEE Trans Hum Mach Syst. 2017;47(6):1146–57.

	23.
Zhang W, White M, Zahabi M, Winslow AT, Zhang F, Huang H, et al. Cognitive workload in conventional direct control vs. pattern recognition control of an upper-limb prosthesis. In: 2016 IEEE International Conference on Systems, Man, and Cybernetics (SMC); 2016 Oct 9–12; Budapest, Hungary. IEEE; 2017. p. 002335–40.

	24.
Parr JVV, Vine SJ, Harrison NR, Wood G. Examining the spatiotemporal disruption to gaze when using a myoelectric prosthetic hand. J Mot Behav. 2018;50(4):416–25.PubMed

	25.
Sobuh MM, Kenney LP, Galpin AJ, Thies SB, McLaughlin J, Kulkarni J, et al. Visuomotor behaviours when using a myoelectric prosthesis. J Neuroeng Rehabil. 2014;11(1):72.PubMedPubMedCentral

	26.
Raveh E, Friedman J, Portnoy S. Evaluation of the effects of adding vibrotactile feedback to myoelectric prosthesis users on performance and visual attention in a dual-task paradigm. Clin Rehabil. 2018;32(10):1308–16.PubMed

	27.
Raveh E, Friedman J, Portnoy S. Visuomotor behaviors and performance in a dual-task paradigm with and without vibrotactile feedback when using a myoelectric controlled hand. Assist Technol. 2017;30(5):274–80.PubMed

	28.
Marasco PD, Hebert JS, Sensinger JW, Beckler DT, Thumser ZC, Shehata AW, et al. Neurorobotic fusion of prosthetic touch, kinesthesia, and movement in bionic upper limbs promotes intrinsic brain behaviors. Sci Robot. 2021;6(58):eabf3368.PubMed

	29.
Zahabi M, White MM, Zhang W, Winslow AT, Zhang F, Huang H, et al. Application of cognitive task performance modeling for assessing usability of transradial prostheses. IEEE Trans Hum Mach Syst. 2019;49(4):381–7.

	30.
Chadwell A, Kenney L, Thies S, Galpin A, Head J. The reality of myoelectric prostheses: understanding what makes these devices difficult for some users to control. Front Neurorobot. 2016;10:7.PubMedPubMedCentral

	31.
Light CM, Chappell PH, Kyberd PJ. Establishing a standardized clinical assessment tool of pathologic and prosthetic hand function: normative data, reliability, and validity. Arch Phys Med Rehabil. 2002;83(6):776–83.PubMed

	32.
Marshall SP. The Index of Cognitive Activity: measuring cognitive workload. In: Proceedings of the IEEE 7th Conference on Human Factors and Power Plants. 2002; Scottsdale, United States. IEEE; 2002.

	33.
Cordella F, Ciancio AL, Sacchetti R, Davalli A, Cutti AG, Guglielmelli E, et al. Literature review on needs of upper limb prosthesis users. Front Neurosci. 2016;10:209.PubMedPubMedCentral

	34.
Biddiss EA, Chau TT. Upper limb prosthesis use and abandonment: a survey of the last 25 years. Prosthet Orthot Int. 2007;31(3):236–57.PubMed

	35.
Saunders I, Vijayakumar S. The role of feed-forward and feedback processes for closed-loop prosthesis control. J Neuroeng Rehabil. 2011;8(1):60.PubMedPubMedCentral

	36.
Sailer U, Flanagan JR, Johansson RS. Eye-hand coordination during learning of a novel visuomotor task. J Neurosci. 2005;25(39):8833–42.PubMedPubMedCentral

	37.
Scheme E, Englehart K. Electromyogram pattern recognition for control of powered upper-limb prostheses: state of the art and challenges for clinical use. J Rehabil Res Dev. 2011;48(6):643.PubMed

	38.
Parr JVV, Wright DJ, Uiga L, Marshall B, Mohamed MO, Wood G. A scoping review of the application of motor learning principles to optimize myoelectric prosthetic hand control. Prosthet Orthot Int. 2022;46(3):274–81.PubMed

	39.
Williams HE, Chapman CS, Pilarski PM, Vette AH, Hebert JS. Myoelectric prosthesis users and non-disabled individuals wearing a simulated prosthesis exhibit similar compensatory movement strategies. J Neuroeng Rehabil. 2021;18(1):72.PubMedPubMedCentral

	40.
Sinke M, Chadwell A, Smit G. State of the art of prosthesis simulators for the upper limb: a narrative review. Ann Rehabil Med. 2022;65(6): 101635.

	41.
Kestner S. Defining the relationship between prosthetic wrist function and its use in performing work tasks and activities of daily living. J Prosthet Orthot. 2006;18(3):80.

	42.
Østlie K, Lesjø IM, Franklin RJ, Garfelt B, Skjeldal OH, Magnus P. Prosthesis use in adult acquired major upper-limb amputees: patterns of wear, prosthetic skills and the actual use of prostheses in activities of daily life. Disabil Rehabilitation Assist Technol. 2012;7(6):479–93.

	43.
Valevicius AM, Boser QA, Lavoie EB, Murgatroyd GS, Pilarski PM, Chapman CS, et al. Characterization of normative hand movements during two functional upper limb tasks. PLoS ONE. 2018;13(6): e0199549.PubMedPubMedCentral

	44.
Kingstone A, Smilek D, Eastwood JD. Cognitive ethology: a new approach for studying human cognition. Br J Psychol. 2008;99(3):317–40.PubMed

	45.
Freedman EG. Coordination of the eyes and head during visual orienting. Exp Brain Res. 2008;190(4):369–87.PubMedPubMedCentral

	46.
Niehorster DC, Cornelissen THW, Holmqvist K, Hooge ITC, Hessels RS. What to expect from your remote eye-tracker when participants are unrestrained. Behav Res. 2018;50(1):213–27.

	47.
Gregori V, Cognolato M, Saetta G, Atzori M, The MeganePro Consortium, Gijsberts A. On the visuomotor behavior of amputees and able-bodied people during grasping. Front Bioeng Biotechnol. 2019;7:316.

	48.
Schofield JS, Evans KR, Carey JP, Hebert JS. Applications of sensory feedback in motorized upper extremity prosthesis: a review. Expert Rev Med Devices. 2014;11(5):499–511.PubMed

	49.
Shaw EP, Rietschel JC, Hendershot BD, Pruziner AL, Wolf EJ, Dearth CL, et al. A comparison of mental workload in individuals with transtibial and transfemoral lower limb loss during dual-task walking under varying demand. J Int Neuropsychol Soc. 2019;25(9):985–97.PubMed

	50.
Markovic M, Schweisfurth MA, Engels LF, Bentz T, Wüstefeld D, Farina D, et al. The clinical relevance of advanced artificial feedback in the control of a multi-functional myoelectric prosthesis. J Neuroeng Rehabil. 2018;15(1):1–15.

	51.
Sensinger JW, Dosen S. A review of sensory feedback in upper-limb prostheses from the perspective of human motor control. Front Neurosci. 2020;14:345.PubMedPubMedCentral

	52.
Kuiken TA, Li G, Lock BA, Lipschutz RD, Miller LA, Stubblefield KA, et al. Targeted muscle reinnervation for real-time myoelectric control of multifunction artificial arms. JAMA. 2009;301(6):619–28.PubMedPubMedCentral

	53.
Hughey L, Wheaton LA. Incidental learning and explicit recall in upper extremity prosthesis use: insights into functional rehabilitation challenges. J Mot Behav. 2016;48(6):519–26.PubMed

	54.
Beatty J, Lucerno-Wagoner B. The pupillary system. In: Handbook of psychophysiology. 2000. p. 142–62.

	55.
Rozado D, Dünser A. Combining EEG with pupillometry to improve cognitive workload detection. Computer. 2015;48(10):18–25.

	56.
Wilbanks BA, Aroke E, Dudding KM. Using eye tracking for measuring cognitive workload during clinical simulations: literature review and synthesis. Comput Inform Nurs. 2021;39(9):499–507.PubMed

	57.
Marchand C, De Graaf JB, Jarrassé N. Measuring mental workload in assistive wearable devices: a review. J Neuroeng Rehabil. 2021;18(1):160.PubMedPubMedCentral

	58.
Schofield JS, Shell CE, Thumser ZC, Beckler DT, Nataraj R, Marasco PD. Characterization of the sense of agency over the actions of neural-machine interface-operated prostheses. J Vis Exp. 2019. https://​doi.​org/​10.​3791/​58702.CrossrefPubMed

	59.
Zbinden J, Lendaro E, Ortiz-Catalan M. Prosthetic embodiment: systematic review on definitions, measures, and experimental paradigms. J Neuroeng Rehabil. 2022;19(1):37.PubMedPubMedCentral

	60.
Zopf R, Polito V, Moore J. Revisiting the link between body and agency: visual movement congruency enhances intentional binding but is not body-specific. Sci Rep. 2018;8(1):1–9.

	61.
Wood G, Parr J. A tool for measuring mental workload during prosthesis use: The Prosthesis Task Load Index (PROS-TLX). PsyArXiv; 2022. Available from: https://​psyarxiv.​com/​k2uq5/​.

	62.
Cruz AAV, Garcia DM, Pinto CT, Cechetti SP. Spontaneous eyeblink activity. Ocul Surf. 2011;9(1):29–41.PubMed

	63.
Tsubota K, Hata S, Okusawa Y, Egami F, Ohtsuki T, Nakamori K. Quantitative videographic analysis of blinking in normal subjects and patients with dry eye. Arch Ophthalmol. 1996;114(6):715–20.PubMed

	64.
Andreu-Sánchez C, Martín-Pascual MÁ, Gruart A, Delgado-García JM. Looking at reality versus watching screens: media professionalization effects on the spontaneous eyeblink rate. PLoS ONE. 2017;12(5): e0176030.PubMedPubMedCentral



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12984_2023_1180_Fig2_HTML.png
‘Transhumeral
amputation

Transradial
amputation

Shoulder
disarticulation

Transhumeral
amputation
Simulated body-
Transradial Virtual powered prosthesis
amputation .
myoelectric

arm





OEBPS/navigation.xhtml

    
      Contents


      
        		A scoping review of eye tracking metrics used to assess visuomotor behaviours of upper limb prosthesis users


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12984_2023_1180_Fig1_HTML.png
[ Identification of studies via other methods ]

Records identified from:

Medline (n = 49)
Embase (n =71)
PsycINFO (n = 4)
ProQuest (n = 51)
Google Scholar (n = 29)

Duplicates removed (n = 65)

I

Records identified from:
Manual search (n = 1)

Records screened
(n=139)

Records excluded
(n=81)

Y

Full-text studies assessed for
eligibility
(n=58)

Studies included in review
(n=17

Full-text studies excluded (n = 42):

Eye tracking data were not
collected (n = 13)

Does not involve the use of a
prosthetic device (n = 6)

No discussion of behaviour from
recorded eye data (n = 5)

Eye tracking was used to control
prostheses (n = 8)

Wrong patient population (n = 4)
Insufficient details (n = 3)
Literature review (n = 2)

Other (n=1)

v

Reports assessed for eligibility
(n=1)






OEBPS/images/12984_2023_1180_Fig3_HTML.png
pdnd Jo JoquinN

@,
N
®
=
Q
®
]
[
®
7]

Eye latency/

Number of fixations
gaze shifting

Target locking

Gaze sequence
strategy

“ Fixation duration

Percent fixation





OEBPS/css/sidebar.gif





