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Perfect registration leads to imperfect performance: a randomised trial of multimodal intraoperative image guidance. 
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Running Head
RCT of multimodal image guidance



Mini-Abstract
Perfectly registered augmented reality (AR) image guidance cannot be provided in the real patient setting. This randomised controlled trial in a simulator setting compares such AR with currently available side-by-side unregistered guidance (IG) and no guidance (NG) for surgeons performing laparoscopic cholecystectomies, with a focus on surgical safety and efficiency.



Structured Abstract
Objective – To compare surgical safety and efficiency of two image guidance modalities, perfect augmented reality (AR) and side-by-side unregistered image guidance (IG), against a no guidance control (NG), when performing a simulated laparoscopic cholecystectomy (LC).

Background – Image guidance using AR offers the potential to improve understanding of subsurface anatomy, with positive ramifications for surgical safety and efficiency. No intra-abdominal study has demonstrated any advantage for the technology. Perfect AR cannot be provided in the operative setting in a patient, however it can be generated in the simulated setting. 

Methods – Thirty six experienced surgeons performed a baseline LC using the LapMentor™ simulator before randomisation to one of three study arms: AR, IG or NG. Each performed three further LC. Safety and efficiency-related simulator metrics, and task workload (SURG-TLX) were collected. 

Results –The IG group had a shorter total instrument path length and fewer movements than NG and AR groups. Both IG and NG took a significantly shorter time than AR to complete dissection of Calot’s triangle. Use of IG and AR resulted in significantly fewer perforations and serious complications than the NG group. IG had significantly fewer perforations and serious complications than AR group. Compared to IG, AR guidance was found to be significantly more distracting. 

Conclusion – Side-by-side unregistered image guidance (IG) improved safety and surgical efficiency in a simulated setting when compared to AR or NG. IG provides a more tangible opportunity for integrating image guidance into existing surgical workflow as well as delivering the safety and efficiency benefits desired.



1. Introduction
[bookmark: _GoBack]Image-guided surgery involves the display of patient-specific imaging to the surgeon during a case. Its use in laparoscopic surgery is an area of considerable research interest and growth1. Broadly speaking, two approaches have been proposed. In the first, preoperative imaging is registered and overlaid directly onto the operative scene. This is termed augmented reality surgery. In its most perfect form, it remains a theoretical concept requiring software algorithms to render three-dimensional representations of anatomy which can adapt their shape in response to intraoperative tissue manipulation. The second, less technologically-demanding approach, is to display the imaging alongside (and unregistered) to the operative view as side-by-side image guidance. Within published literature, there are multiple observational feasibility studies describing various approaches to image guidance in intra-abdominal laparoscopic surgery. These allude to potential benefits to patient safety and surgical efficacy that image guidance may bring2,3. However, no evidence has been offered to date demonstrating the benefit of any imperfect image guidance system for intra-abdominal surgery; the assessment of the in vivo effects of a perfect augmented reality guidance system remains unattainable.  While such systems are not yet available in clinical settings, it may be feasible to assess this in a simulated surgical environment.  Given the cost of clinical image guidance systems, simulation-based data may also provide valuable data to guide ongoing further development of such systems.  

Surgical simulation has become an integral part of surgical training4,5 and as such, numerous well-validated simulators are available on the market. These simulators offer a unique platform with which to examine the benefits of image guidance, as they allow the variability of cases to be controlled for, while altering the modality of image guidance. Perhaps the best-validated of these simulated procedures is the LapMentor™ laparoscopic cholecystectomy (LC) module6. The concurrent validity of this module, with strong associations between simulator-based and clinical performance, is well established7. The availability of different anatomical variations within the module also allows assessment of cholecystectomy with biliary anatomies of varying difficulty.  It was conjectured that a bespoke software modification would allow production of the equivalent of perfect image overlay and allow assessment of this system in a well-validated simulated surgical context.

This paper presents the first randomised controlled study examining the potential benefits of image guidance in laparoscopic surgery. The LapMentor™ LC procedure was utilised and was supplemented with two different modalities of image guidance: augmented reality (AR) and side-by-side image guidance (IG). These modalities were compared to one other, and to a no guidance control group (NG). The study had two core objectives: first to determine whether image guidance improves surgical safety and/or efficiency, and secondly to determine if perfectly registered AR guidance is superior to side-by-side IG.


2. Methods
2.1 Participants
A randomised controlled study was designed according to CONSORT guidelines8. Participants were assigned in equal ratios to the three study groups (1:1:1).  Surgeons were required to have a minimum experience of 20 laparoscopic cholecystectomies as the primary surgeon to eliminate confounding through learning curves. This threshold was chosen based on a previous study6 of surgeons performing laparoscopic cholecystectomies on the same simulator, which found that the differences between simulator metrics amongst surgeons plateau in those  who had performed 20 or more real cases. Informed consent was obtained from all participants. The study was carried out in the simulation laboratory, St Mary’s Hospital, Imperial College, London.

2.2 Simulator
The study used the LapMentor™ laparoscopic simulator (Simbionix Corporation, Cleveland, Ohio, USA). The simulator software was modified from the off-the-shelf version to allow the display of the underlying deformable meshes overlaid onto the standard view to display perfectly registered AR guidance (figure 1:top). In order to generate the IG platform, a previously published IG system9 was populated with the same 3D model generated by the software of the LapMentor™ of the relevant simulated LC (figure 1:middle). Participants were free to select the surgical instruments they preferred to use to conduct the procedure. 

2.3 Study intervention and randomisation
All surgeons (n=36) were shown how the LapMentor™ simulator functions and conducted a 5-minute warm up completing a basic laparoscopic skill module.  All surgeons completed an initial LC without image guidance, in order to assess baseline subject competency. Surgeons were then randomised into three equal groups: NG, IG and AR, using computer-generated randomisation with stratification into equal groups (GraphPad software, La Jolla, CA, USA). IG was provided on a monitor adjacent to the simulator monitor, the display of which is controlled via an iPad (figure 1:bottom). AR was provided as an always-on wire mesh overlay (figure 1: top). All surgeons completed three further laparoscopic cholecystectomies in a randomised order (GraphPad software, La Jolla, CA, USA). These contained alternative anatomical variations (one case with aberrant bile duct and two cases with double cystic arteries), representing cases with varying levels of difficulty and complexity. 

2.4 Sample Size
Sample size was based upon data from previous studies6. For an intended reduction in a surgeon’s number of instrument movements of 30%, 36 participants were required, with 12 in each of the three groups.  The number of instrument movements is a validated surrogate of quality and was used in preference to the number of intraoperative complications, as while this is more significant they are relatively infrequent. 

2.5 Primary outcome measures 
Primary outcome measures can be subdivided into those related to surgical efficiency and those related to safety. Efficiency metrics collected were: those pertaining to number of movements of left and right instruments (minimum of 3mm continuous movement counts as a movement), total path length of left and right instruments, use of monopolar electrosurgery (MPES) in terms of efficiency of MPES (time MPES is applied with appropriate contact with adhesions divided by the total MPES time, measured in %), time MPES is applied less than 5mm from the duct, total MPES time, time taken to complete dissection of Calot’s triangle and total operating time. Safety related metrics collected were: number of perforations (injury to gallbladder itself or surrounding anatomy), number of serious complications (cutting and/or coagulation of unclipped ducts or arteries with any tool). 

2.6 Secondary Outcome measures
Upon completion of all three study cases, surgeons completed a surgery-specific workload measure questionnaire (SURG-TLX)10. Surgeons who were randomised to either of the two guidance arms completed a feedback questionnaire using a 5-point Likert scale (1 minimum, 5 maximum). The feedback questions were:
1) Did the image guidance improve your appreciation of the anatomy? 2) Did you think that it allowed you to perform the surgery better? 3) Did you find the image guidance distracting? 4) Did the image guidance system provide you with more confidence when performing surgery? 5) Did you feel the use of this image guidance system reduced the risk of bile duct injury? 6) I would want to use this technology in my practice 7) I would want a surgeon to use this technology if I were required to undergo a laparoscopic cholecystectomy. 


2.7 Statistical methods
Data were analysed with PRISM 7.0a (GraphPad software, La Jolla, CA, USA) and SPSS version 22.0.0.1 (SPSS, Chicago, Illinois, USA) using non-parametric tests. Initially, the pre-study LC simulator metrics results  of participants from the three study groups were compared. Comparison of performance metrics between the three study groups (AR, IG and NG) was undertaken using multiple pairwise analyses of simulator metrics results. Surgical workload scores of the three study groups were analysed using multiple pairwise comparison. Analysis was conducted using the Mann-Whitney test, and the Kruskal-Wallis test with Dunn’s comparison test to correct for multiple pairwise comparisons. Results were deemed significant when alpha was reported as
< 0.05.

3. Results
3.1 Demographic data
All 36 participants recruited completed the study. All the participants were consultants or registrars in general surgery who had completed 20 or more laparoscopic cholecystectomies as a primary surgeon. There were no significant differences (between groups NG, IG, AR respectively) in participant characteristics in terms of median age in years (32, 32.5, 32, p=0.86) or median number of laparoscopic cholecystectomies performed (42.5, 42.5, 32.5, p=0.46). In both the NG and IG groups, 10 participants were right hand dominant and 2 were left hand dominant. All 12 participants in the AR group were right hand dominant (supplementary table 1). 

3.2 Simulator metrics
There were no significant differences seen between the three study groups for the baseline LC in terms of efficiency and safety metrics (supplementary table 2). 

3.2.1 Efficiency metrics
Table 1 shows the combined analysis of all three laparoscopic cholecystectomies after randomisation for the measured efficiency metrics. This analysis showed significant differences between all three groups (NG, IG and AR respectively) in efficiency of MPES (57.5%, 64.8%, 61.0%, p = 0.0004), number of movements of left and right instruments (655.0, 508.5, 618.0, p = 0.0078), total path length of left and right instruments (1482.0cm, 1233.6cm, 1479.2cm, p = 0.0014) and time to complete Calot’s triangle (362.2s, 370.3s, 480.8s, p = 0.0031). The geometric mean was employed during the analysis of completion times. For small sample sizes, it is a better estimate of the population middle value in situations where the distribution is positively skewed. Multiple pairwise comparisons revealed that IG outperformed both the NG and the AR groups for number of movements of left and right instruments (IG 508.5 vs NG 655.0 p = 0.03; IG vs AR 618.0 p = 0.02) and for the total path-length of the left and right instruments (IG 1233.6cm vs NG 1482.0cm p ≤ 0.01; IG vs AR 1479.2cm p ≤ 0.01). The IG group was more efficient in the use of MPES than the NG group (IG 64.8% vs NG 57.5%, p ≤ 0.01). The IG group took a significantly shorter time than the AR group in time taken to dissect Calot’s triangle (IG 370.3s vs AR 480.7s, p ≤ 0.01). When comparing AR to the NG group, AR took a significantly longer time to complete Calot’s triangle dissection (AR 480.8s vs NG 362.2s, p = 0.01). 

3.2.2 Safety metrics
As illustrated in Table 2, there was a statistically significant difference between all three groups of laparoscopic cholecystectomies after randomisation with respect to median number of perforations (2.0, 1.0, 1.0 p ≤ 0.0001) and number of serious complications (2.0, 1.0, 1.0 p = 0.0005). Multiple pairwise comparisons performed on all simulator metrics revealed that IG and AR resulted in significantly fewer perforations (IG 1.0 vs NG 2.0 p ≤ 0.01; AR 1.0 vs NG 2.0, p = 0.04) and serious complications, defined as cutting and/or coagulation of unclipped ducts or arteries with any tool (IG 1.0 vs NG 2.0 p ≤ 0.01; AR 1.0 vs NG 2.0, p = 0.02) than the NG group. When comparing IG and AR directly, IG resulted in significantly fewer perforations (IG 1.0 vs AR 1.0, p = 0.04) and serious complications (IG 1.0 vs AR 1.0, p = 0.05).

3.3 Workload scores and participant feedback on image guidance modalities
There were no significant differences seen between task workload scores measured by SURG-TLX between the three groups (Table 3). When comparing IG to AR, although not statistically significant, feedback from these two image guidance arms of the study revealed that the former improved the participants’ appreciation of anatomy (4.4 vs 4.1 mean, p = 0.28), made them think that it allowed them to perform surgery better (4.0 vs 3.4 mean, p = 0.067), provided them with more confidence (4.0 vs 3.8 mean, p = 0.43) and made them feel that it reduced the risk of bile duct injury (4.1 vs 3.9 mean, p = 0.62). There was a significant difference between the feedback of the two groups with regards to how distracting the form of image guidance was found to be (2.1 vs 3.0 mean, p = 0.043). As illustrated in supplementary Table 3, although not statistically significant, surgeons were more likely to want to use IG as opposed to AR in their own practice (3.8 vs 3.5 mean, p = 0.33) or for it to be use on them should they need to undergo a LC (4.0 vs 3.6 mean, p = 0.25).

4. Discussion
This study has shown, for the first time, that image guidance can improve both surgical safety and efficiency within a simulated laparoscopic environment. Evidence suggests that performance observed in a simulated setting closely aligns to subsequent performance in a live patient setting11,12. In addition, the results suggest that the use of side-by-side guidance offers greater surgical efficiency, with no sacrifice in surgical safety when compared to AR guidance. It is perhaps this latter finding that is the most interesting. Intuitively, one would expect guidance to improve safety and efficiency, which it has been shown to do, but as an extension of this intuition one would also expect that the most accurate form of such guidance would be the one that resulted in the greatest improvements in these same factors. This was not seen to be the case, with IG outperforming or matching AR across all the measured metrics.

When looking to the previous literature, only two RCTs have been performed looking at the benefits of augmented reality image guidance. Both were undertaken in anatomical models: one in skull base surgery13 and the other neurosurgery14. These studies confirm in part what was seen here, demonstrating an improvement in efficiency when the operator was asked to locate specific hidden structures in anatomical models with AR guidance. Marcus et al. demonstrated a reduction in time to task completion and a reduction in path length13. Dixon et al. showing increased accuracy with guidance14, which contrasts to the findings of the data presented here, where a decrease in efficiency was seen in the AR group. The studies failed to investigate the potential effects on surgical safety. The differences between the findings in this study in terms of efficiency might be explained by the differing complexity of the tasks undertaken when comparing these studies with that presented here (structure location vs. complete procedure), with the trade-off between the enhanced accuracy and obscuring of the operative field being too great during a perfectly-registered AR-aided procedure. This hypothesis is supported by both the subjective findings reported herein (with AR found to be more distracting than IG) and those reported in previous work by Hughes-Hallett et al.15. Interestingly, Marcus et al.’s study also examined AR and IG, comparing them to a NG group. Once again, in contrast to the findings here, a significant improvement in efficiency was seen in the AR group when compared to standard IG. Again, this might again be explained by the aforementioned trade-off13.

Both Marcus et al.13 and Dixon et al.14 also report on the risk of inattention blindness, the main criticism previously levelled at image guidance platforms (in particular at AR-based solutions). Inattention blindness is defined as ‘the failure to perceive an unexpected object when attention is focused on another object or task’, and has been demonstrated when surgeons are exposed to AR guidance13,14 or significant cognitive load15. The suggestion that AR environments may have an impact on a surgeon’s ability to recognise unexpected events13,14, combined with the superior efficiency seen in this study, lends further credence to the use of IG rather than AR for surgical image guidance. 

The generalisability of this study’s findings is partly limited by the fact that it was carried out within a surgical simulator rather than in vivo. However, the decision to use a simulator was made consciously for a number of reasons. First, perfectly registered augmented reality cannot be generated in vivo. It is this fundamental point that has driven the need for this study. Second, the procedures for which image guidance is thought to be most efficacious are those that by definition involve the most variable anatomy. For this reason, controlling for the variation between cases is challenging. VR simulators allow the anatomy to be controlled for while replicating the task performed in a real world setting. In order to mitigate for this limitation the chosen simulator was well validated with evidenced high levels of construct and content validity6,16,17. In addition to the previous validation of the specific simulator, numerous studies have demonstrated that simulated skills transfer into the real environment, further validating our approach5,18,19.

A further limitation of the study relates to the learning curve of the simulator. This was factored into the study design with only surgeons who had plateaued in their learning curving in performing LC eligible to participate6, and with all surgeons performing a practice procedure to acclimatise themselves to the simulator. The case mix was also unrealistic with all three cases in this study having non-standard anatomical variations. One might not expect such frequency in three consecutive cases with live patients20,21. This unrealistic case mix may have unnerved the surgeons, resulting in additional anomalies and thus causing them to alter their surgical approach. Across groups the surgeons involved in this study had performed between 32.5-42.5 (IQR 15-50) LC as the primary surgeons, which may be considered low. The median age of participants is 32 years, therefore it is unlikely that it is a result of selection bias but more likely a reflection of operating exposure in the current UK surgical training system.  

Findings from this study would support the use of a side-by-side unregistered image guidance (IG) and thus offer the technological advances needed to provide intraoperative location of the ductal system22. The simulator setting is well validated for this procedure and the findings from this study should encourage carefully planned clinical studies, with emphasis on feasibly and logistics as next steps.  This study raises questions about the pursuit of perfectly-registered AR image guidance in the laparoscopic setting. When compared with no guidance, it increased procedure time and did not offer any benefits in terms of surgical efficiency. Image guidance has been designed to assist surgeons, making subjective evaluation important. In this case, surgeons found it distracting. However, there are no significant differences between the groups in subjective workload score, despite differences in clinical outcome. It would therefore be appropriate for future trials of image guidance platforms using a combination of subjective and objective outcomes to assess the impact of the technology comprehensively. 

The use of 3D reconstructed preoperative tomographical imaging such as CT or MRI is not the only approach to the problem of intraoperative subsurface anatomical definition. Near infrared fluorescence (NIRF), for example, has been recently introduced as an alternative method for identifying otherwise hidden anatomical structures intraoperatively.23,24 This is particularly true in the context of LC, with NIRF also offering an alternative to intraoperative cholangiography.25 However, to date there is no data suggesting that use of NIRF has any clinical impact on outcomes, such as avoidance of biliary injury in LC.  This study provides an evidence base for the use of image guidance in LC, offering not only a potentially cheaper alternative to NIRF (with less expensive task-specific hardware required), but one which may potentially reduce intraoperative complications. In addition, image guidance using preoperative imaging avoids the risks associated with the administration of an IV fluorescence agent. It should also be highlighted that this was intended as a proof-of-concept study, utilising LC as an index procedure. Although NIRF is applicable to LC there are other procedures for which it is not. With this in mind, NIRF should be viewed as another guidance adjunct, rather than competitor to preoperative guidance based on imaging, which can be deployed in specific situations but is limited in others (in particular those involving deeper subsurface anatomy or for those operations in which the fluorescing agent cannot be delivered to the target anatomical structure).

5. Conclusion 
The results of this study indicate that unregistered image guidance can improve surgical safety and efficiency. The use of the simulated environment creates the evidence base on which image guidance platforms can be developed. Focusing on the user interface and safety will help ensure sustainability of platforms in the clinical environment. Future work must explore how the image guidance platform can be integrated seamlessly into the current clinical workflow. 
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	Measures of Efficiency

	

	No guidance 
	IG
	AR 
	p-values †

	Median number of movements of left and right instruments
(IQR)
	655.0
(255.0)
	508.5
(255.0)
	618.0
(280.0)
	0.0078
NG vs IG, 0.03
NG vs AR, >0.99
IG vs AR, 0.02

	Median total path length of left and right instruments (cm)
(IQR)
	1482.0
(662.9)
	1233.6
(391.8)
	1479.2
(530.0)
	0.0014
NG vs IG, <0.01
NG vs AR, >0.99
IG vs AR, <0.01

	Mean* time monopolar electrosurgery is applied less than 5mm from duct (s)
(SD)
	
1.30
(7.0)

	2.16
(7.7)
	3.55
(10.1)
	0.2413
NG vs IG, 0.9
NG vs AR, 0.3
IG vs AR, >0.99

	Median efficiency of monopolar electrosurgery (%)
(IQR)
	57.5
(9.4)
	64.8
(11.6)
	61.0
(14.0)
	0.0004
NG vs IG, <0.01
NG vs AR, 0.06
IG vs AR, 0.34

	Mean* total monopolar electrosurgery time (s)
(SD)
	59.1
(28.5)
	61.3
(23.7)
	65.1
(20.5)
	0.4839
NG vs IG, >0.99
NG vs AR, 0.72
IG vs AR, >0.99

	Mean* time to complete
Calot’s triangle (s)
(SD)
	362.2
(116.9)
	370.3
(234.1)
	480.8
(168.7)
	0.0031
NG vs IG, >0.99
NG vs AR, 0.01
IG vs AR, <0.01

	Mean* total time (s)
(SD)
	621.0
(206.2)
	600.9
(264.3)
	720.3
(237.8)
	0.2985
NG vs IG, >0.99
NG vs AR, >0.99
IG vs AR, 0.37

	† Overall p-value is reported first, followed by multiple pairwise comparison values.
* Geometric mean calculated.



Table 1 – Performance of no guidance (NG), image guidance (IG) and Augmented reality (AR) groups on three laparoscopic cholecystectomies. Overall p-value is reported first, followed by multiple pairwise comparison values. The p-values in bold font indicate statistical significance.











	Measures of Safety

	

	No guidance 
	IG
	AR 
	p-values †

	Median number of perforations
(IQR)
	2.0
(3.0)
	1.0
(1.0)
	1.0
(1.0)
	<0.0001
NG vs IG, <0.01
NG vs AR, 0.04
IG vs AR, 0.04

	Median number of serious complications: possible damage to vital structures (IQR)
	2.0
(1.0)
	1.0
(0.0)
	1.0
(1.0)
	0.0005
NG vs IG, <0.01
NG vs AR, 0.02
IG vs AR, 0.05

	† Overall p-value is reported first, followed by multiple pairwise comparison values.



Table 2 – Performance of no guidance (NG), image guidance (IG) and Augmented reality (AR) groups on three laparoscopic cholecystectomies. Overall p-value is reported first, followed by multiple pairwise comparison values. The p-values in bold font indicate statistical significance.


	Workload

	
	NG (median) (IQR)
	IG (median) (IQR)
	AR (median) (IQR)
	p-value

	Mental demands
	105.0
(95.0)
	210.0
(142.5)
	290.0
(120.0)
	0.1405
NG vs IG,>0.99
NG vs AR, 0.15
IG vs AR, 0.67

	Physical demands
	80.0
(191.5)
	57.5
(78.8)
	27.5
(135.0)
	0.7331
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	Temporal demands
	55.0
(105.0)
	50.0
(63.8)
	50.0
(196.3)
	0.6684
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	Task complexity
	135.0
(133.8)
	180.0
(205.0)
	150.0
(102.5)
	0.4441
NG vs IG, 0.67
NG vs AR, >0.99
IG vs AR, >0.99

	Situational Stress
	150.0
(101.3)
	92.5
(75.0)
	87.5
(142.5)
	0.2899
NG vs IG, 0.41
NG vs AR, 0.70
IG vs AR, >0.99

	Distraction
	20.0
(18.8)
	0.0
(26.3)
	20.0
(20.0)
	0.2681
NG vs IG, 0.43
NG vs AR, >0.99
IG vs AR, 0.55

	Overall
SURG -TLX
	46.3
(18.5)
	47.8
(12.9)
	5.0
 (17.1)
	0.9875
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	† Overall p-value is reported first, followed by multiple pairwise comparison values



Table 3 – Task workload score of participants in each of three groups after completing three laparoscopic cholecystectomies.




Figure 1 – Top - screen shot of AR showing ‘always on’ wire mesh; middle - screen shot IG showing image displayed on both iPad and  adjacent monitor; bottom - set up of side by side IG, showing monitor display, iPad control and LapMentor™ simulator (the same cases is represented in both images).
Figure 2 - CONSORT diagram of study.Lost to follow up (n=0)
Allocated to augmented reality (AR) (n=12)
Allocated to No Guidance (n=12)
Lost to follow up (n=0)
For analysis (n=12)

For analysis (n=12)
Allocated to side-by-side unregistered image guidance (IG) (n=12) 
Lost to follow up (n=0)
For analysis (n=12)
Randomised (n=36)
Surgeons completed pre-study laparoscopic cholecystectomy (n=36)
Excluded (n=0)
Surgeons performed >20 laparoscopic cholecystectomy as primary surgeon (n=36)



	
	NG
(no guidance)
	IG
	AR
	p-value

	Median age (years) (IQR)
	32.0
(2.0)
	32.5
 (2.3)
	32.0
(2.3)
	0.86

	Median number of Laparoscopic Cholecystectomy procedures as primary surgeon
(IQR)
	42.5
(15.0)
	42.5
(50.0)
	32.5
(35.0)
	0.46

	Dominant hand
	10 Right, 2 Left
	10 Right, 2 Left
	12 Right, 0 Left
	



Supplementary table 1 - Demographics of participants.

	

	NG
(no guidance)
	IG
	AR
	p-values †

	Measures of Efficiency

	Median number of movements of left and right instruments
(IQR)
	775.0
(302.3)
	769.0
(332.8)
	673.0 (279.5)
	0.5669
NG vs IG, 0.89
NG vs AR, >0.99
IG vs AR, >0.99

	Median total path length of left and right instruments (cm)
(IQR)
	1867.0
(619.0)
	1545.0
(636.8)
	1716.0
(432.6)
	0.3385
NG vs IG, 0.44
NG vs AR, >0.99
IG vs AR, >0.99

	Mean* time monopolar electrosurgery is applied less than 5mm from duct (s) (SD)
	1.4
(1.6)
	1.4
(4.2)
	0.7
(1.7)
	0.3113
NG vs IG, 0.53
NG vs AR, >0.99
IG vs AR, 0.58

	Median efficiency of monopolar electrosurgery (%)
 (IQR)
	59.2
(5.6)
	59.7
(8.1)
	56.3
(13.5)
	0.8677
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	Mean* total monopolar electrosurgery time (s)
(SD)
	61.2
(25.2)
	64.4
(18.2)
	59.3
(20.2)
	0.8497
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	Mean* time to complete
Calot’s triangle (s)
(SD)
	468.6
(150.3)
	427.6
(258.6)
	477.0
(197.1)
	0.8883
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	Mean* total time (s) 
(SD)
	817.1
(196.1)
	656.5
(358.7)
	812.0
(244.5)
	0.4763
NG vs IG, 0.78
NG vs AR, >0.99
IG vs AR, 0.99

	Measures of Safety

	Median number of perforation (IQR)
	3.0
(4.3)
	1.0
(3.3)
	1.0
(2.3)
	0.3932
NG vs IG, 0.77
NG vs AR, 0.66
IG vs AR, >0.99

	Median number of serious complications: possible damage to vital structures
(IQR)
	1.0
(0.3)
	1.0
(0.3)
	1.0
(1.0)
	0.9246
NG vs IG,>0.99
NG vs AR, >0.99
IG vs AR, >0.99

	† Overall p-value is reported first, followed by multiple pairwise comparison values.
* Geometric mean calculated.



Supplementary table 2 - Performance in baseline LC. Grouped as per participants subsequent randomised groups of no guidance (NG), image guidance (IG) and Augmented reality (AR). Overall p-value is reported first, followed by multiple pairwise comparison values.

	
	IG participants (mean)
	AR participants (mean)
	p-value

	Did it improve your appreciation of the anatomy?
	4.4
	4.1
	0.28

	Did you think that it allowed you to perform the surgery better?
	4.0
	3.4
	0.067

	Did you find the image guidance distracting?
	2.1
	3.0
	0.043

	Did the image guidance system provide you with more confidence when performing surgery?
	4.0
	3.8
	0.43

	Did you feel the use of this image guidance system reduced the risk of bile duct injury
	4.1
	3.9
	0.62

	I would want to use this technology in my practice
	3.8
	3.5
	0.33

	I would want a surgeon to use this technology if I were required to undergo a laparoscopic cholecystectomy
	4.0
	3.6
	0.25



Supplementary table 3 – Feedback from study participants who were randomised to the IG and AR groups using a 5-point Likert scale (1 minimum, 5 maximum). The p-values in bold font indicate statistical significance.
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