Supplementary Material

Appendix 1 – Research strategy

Search date: everything until 01/03/2020

PubMed:
1. (Proficiency-based AND progression AND training) = 28
2. (Proficiency AND based AND progression) = 280
3. (Proficiency-based AND training) = 211

Cochrane library’s Central, EMBASE, MEDLINE, Scopus
1. (Proficiency-based AND progression AND training) OR (Proficiency AND based AND progression) OR (Proficiency-based AND training):
a. Cochrane library’s Central = 145
b. EMBASE = 2382
c. MEDLINE = 186
d. Scopus = 333

Total number of studies = 664



Appendix 2 – MERSQI scores of the 12 studies included in the final quantitative synthesis

	Study
	Study design
(1-3)
	Institutions studied
(0.5-1.5)
	Response rate, %:
(0.5-1.5)
	Type of data
(1 or 3)
	Internal structure:
(0 or 1)
	Content
(0 or1)
	Relationships to other variables:
(0 or 1)
	Appropriateness of analysis:
(0 or 1)
	Complexity of analysis:
(1 or 2)
	Outcome
(1-3)
	Final score

	Ahlberg et al. 2007
	3
	1.5
	1.5
	3
	1
	1
	0
	1
	2
	2
	16

	Ahmed et al. 2018
	3
	0.5
	1.5
	3
	1

	1
	0
	1
	2
	2
	15

	Angelo et al. 2015
	3
	1.5 
	1.5
	3

	1
	1
	0
	1
	2
	2 
	16

	Breen et al. 2019
	3
	0.5
	1.5
	3

	1
	1
	0
	1
	2
	2
	15

	Cates et al. 2016
	3
	0.5
	1.5
	3
	1

	1
	0
	1
	2
	2
	15

	Jensen et al. 2015
	3
	1.5
	1.5
	3
	1
	1
	1
	1
	2
	2
	17

	Palter 2012
	3
	0.5
	1.5
	3
	1
	1
	0
	1
	2
	2
	15

	Pedowitz et al. 2015 
	3
	1.5 
	1.5
	3
	1
	1
	0
	1 
	2
	1.5
	15.5

	Peeters et al 2015
	3
	1.5
	1
	3
	1
	1
	0
	1
	2
	2
	16.5

	Seymour 2002
	3
	0.5
	1.5
	3
	1
	1
	0
	1
	2
	2
	15

	Srinivasan et al. 2017
	3
	0.5
	1.5
	3
	1
	1
	1
	1
	2
	3
	17

	Van Sickle et al. 2008
	3
	0.5
	1.5
	3
	1

	1
	0
	1
	2
	1.5

	14.5


MERSQI: Medical Education Research Study Quality Instrument.
Appendix 3 – Characteristics of paper included (A) or excluded (B) at eligibility evaluation (paper evaluated: 38)

3A. 
	Study
	Type of study
	Procedure assessed
	Groups
	Sample size
	Outcomes assessed
	Proficiency assessment
	Results
	Eligible
	Additional Notes 

	Ahlberg et al. 2007
	RCT
	First 10 laparoscopic cholecystectomies
	Group A: (VR training to proficiency)
Group B. Control
	Total n :13
Group A: 7
Group B: 6
	Proficiency demonstration and VR training improves OR performance
	Objective metrics, errors, time
	Less time to complete 
Less errors,
homogeneous
performance
	yes
	


	Ahmed et al. 2018
	RCT
	Ultrasound-guided peripheral nerve block
	Group A:  PBP training with trainer
Group B: PBP self-guided
	Total n :18
Group A: 10
Group B: 8

	acquisition of needling skills with Deliberate PBP training
	Performance steps and errors
	More steps completed, less errors
	Yes 
	

	Angelo et al. 2015
	RCT
	Arthroscopic Bankart
Skill 
	Group A: traditional
Group B: simulator
Group C: simulator +PBP

	Total n :44
Group A: 14
Group B: 14
Group C: 16
	Proficiency demonstration, clinical relevance 
	Metric based curriculum 

Steps completed, errors, time
	More steps in same time, les errors
	Yes
	

	Breen et al. 2019
	RCT
	clinical communication
	Group A: e learning
Group B: e-learning+ standard simulation; and
Group C:  E+PBP, 

	Total n :90
Group A: 30
Group B: 30
Group C: 30
	Proficiency demonstration
	Objective steps, errors and critical
errors.
	More steps completed, less errors
	Yes 
	

	Cates et al. 2016
	RCT
	Carotid artery angiography
	Group A: PBP training on VR simulator
Group B: traditional ex vivo
	Total n :12
Group A: 6
Group B: 6

	differences in performing and transfer of training from VR to ex vivo
	Errors, fluoroscopy time, time to perform full task
	Less time to complete the task,
Less errors

	Yes
	

	Jensen et al. 
	RCT
	Coronary Angiography
	Grupo A: Control/Standard trained
Group B: PBP sim Trained
	Total n:16

Group A: 8
Group B:8
	Total time
Fluoroscopy time
Errors (max 14 with weighting)
Performance score
	Errors and time to perform the task
	Less time to complete the task,
Less errors
	Yes
	

	Palter et al. 2012
	RCT
	Lap right colectomy 
	Group A: PBP training
Group B: standard training
	Total n: 24

Group A: 13
Group B: 11
	Difference in performance
	OSATS and performance steps
	PBP trained showed higher scores (16 vs 8) and performed more steps (16 vs 8)
	Yes 
	- Surgical procedure sub-steps available (less sensitive)
- OSATS also used
- No errors or CE used

	Pedowitz et al. 2015 
	RCT
	Knot-Tying 
	Group A: standard training 
Group B: workstation practice
Group C: proficiency-based 

	Total n :44
Group A: 14
Group B: 14
Group C: 16
	FAST knot tester and to establish
benchmarks for knot-tying proficiency 
	Knot failure defined as proficiency benchmark, time to complete the task
	group C were more than twice as likely to
have their knots pass
	Yes 
	No metrics reported
No errors reported in the procedure

	Peeters et al. 2015
	RCT
	Fetoscopy laser surgery
	Group A: PBP simulation
Group B: Control
	Total n: 10

Group A: 5
Group B: 5
	Difference in performance according to procedural score
	Procedural score (SP) based on steps
	Simulation trained novice performed 46 vs 36 SP score compared to control group
	Yes 
	- Score based on surgical steps
- Not clear use of PBP in training

	Seymour et al. 2002
	RCT
	laparoscopic cholecystectomies
	Group A: VR PBP
Group B: No VR PBP
	Group A: 8
Group B: 8
	Better transfer of training skills from VR to OR 
With PBP
	Objective metrics, errors, time
	Less time to complete)
Less errors,

	Yes
	

	Srinivasan et al. 2017
	RCT
	epidural analgesia
	Group A: PBP training
Group B: Control
	Total n: 17
Group A: 8
Group B: 6

3 not completed
	Proficiency demonstration
	Errors, GRS, TSCL
	lower labour epidural failure
rate in PBP trained
	Yes
	

	Van Sickle et al. 2008
	RCT
	Intracorporeal
Suturing and Knot Tying in Nissen
	Group A: PBP training
Group B: standard
	Total n :22
Group A: 11
Group B: 11

	Proficiency demonstration
	Time, errors, fewer manipulation
	Less time to complete (not statistically significant)
Less errors

	Yes
	





3B. 
	Study
	Type of study
	Procedure assessed
	Groups
	Sample size
	Outcomes assessed
	Proficiency assessment
	Results
	Eligible
	Note in case of non-eligibility

	Ahlborg et al.1 2013
	RCT
	Tubal occlusion
	Group A: control
Group B: PBP 
Group C: mentor
	Total n: 26
Group A:9
Group B:10
Group C:9
	Laparoscopic
performance
	Flow and self-efficacy
	Short time and better self-efficacy in the trained group
	No
	No objective metrics

	Bjerrum et al.2 2015
	RCT
	Laparoscopic simulation (appendix + salpingectomy)
	Group A: control (only salpingectomy)
Group B: appendix + salpingectomy + trainer feedback

	Total n: 96

Group A n:43
Group B n:48
	Proficiency demonstration in procedure B
	Objective metrics
	Fewer attempt in Group B (29 vs 65)
	No
	- No information on objective and PBP metrics
- No specific comparison between PBP and non-PBP 

	Bjerrum et al.3 2016
	RCT- follow-up study 
(6 months)
	Laparoscopic simulation (salpingectomy)
	Group A: control (only salpingectomy)
Group B: appendix + salpingectomy + trainer feedback

	Total n: 65

Group A: 29
Group B: 36
	Proficiency demonstration in procedure B
	Objective metrics
	No difference in attempt to reach proficiency (20 vs 21)
	No
	- Follow-up study
- No information on the definition of PBP metrics


	Brydges et al.4 2010
	RCT
	Intravenous catheterization 
	Group A: proficiency
Group B: progressive
Group C: open-ended
Group D: control
	Total n: 60

Group A: 15
Group B: 15
Group C: 15
Group D: 15
	Learning benefit of different modalities + degradation
	Proficiency based on time to complete task, checklist and rating scale
	PBP improved performances in checklist, GRS and IPPI but had more degradation
	No
	- Likert scale used for GRS
- Checklist not validated
- PBP was not the main outcome

	Dawidek et al.5 2016
	RCT
	2Dand 3D laparoscopic skills
	Group A: control proficiency 2D
Group B: proficiency 3D
	Total :15
Group A:8
Group B:7
	Skill acquisition 
	Proficiency level velocity
	The 3D group was faster than control in reaching proficiency in 2D simulator 
	No
	- No comparison of proficiency to other training methods 
- No objective metrics

	De Win et al.6 2016
	RCT
	Laparoscopic cholecystectomies
	Group A: clinical training
Group B: clinical training + simulation training
Group C: PBP
	Total n: 30
Group A:10
Group B:8
Group C:12
	Impact on learning curve
	GOALS 
	PBP impact on learning curve
	No
	Likert scale

	Franklin et al.7 2016
	RCT on Training model costs
PBP in both group
	Fundamentals of Laparoscopic Surgery Training
	Group A: Standard FLS to proficiency
Group B: Low cost FLS to proficiency
	Total n: 29
Group A:20
Group B:19
	FLS score in both groups
Costs
	FLS score
	No difference in performance,
Cheaper training model
	No
	- FLS score
- No objective metrics

	Gala et al.8 2013
	RCT
	laparoscopic bilateral midsegment salpingectomy
	Group A: Traditional training
Group B: PBP training
	Total n: 102
Group A:54
Group B:48

	Laparoscopic skills
	Laparoscopic simulator score
	Improvement in laparoscopic skills in PBP group
	No
	No objective metrics 

	Gauger et al.9 2010 
	RCT
	LapSim tasks + laparoscopic cholecystectomy
	Group A: proficiency
Group B: control
	Total n: 14

Group A: 7
Group B: 7
	Proficiency demonstration
	GOALS domains
	PBP significantly impacted each GOALS domain performance
	No
	- Proficiency target limited to time to complete the task
- GOALS and Likert scale used

	Gershuni et al.10 2010 
	RCT
	Suturing and knot tying
	Group A: PBP curriculum
Group B: control
	Total n: 22

Group A: 11
Group B: 11
	Time and technical proficiency
	Time and OSATS scale
	PBP improved time and proficiency score
	No
	- OSATS scale
- No objective metrics
- No performance quality measures

	Greison et al.11 2013
	RCT on proficiency acquired using different set up
	Gaze-down vs gaze up endoscopic practice
	Group A: Gaze up
Group B: Gaze down
	Total n: 18

Group A: 9
Group B: 9
	Total time to achieve five successful trials the number of pickup-and-transfer errors and the number of errors in dropping the bean into the cup
	Time, errors
	The gaze-down training environment allows novice learners to develop more generalizable action representations for the task. 

	No
	- No objective metrics defined 
- No benchmark based on baseline expert score

	Hashimoto et al.12 2018
	RCT
	Flexible gastrointestinal endoscopy VR FES
	Group A: repetition group
Group B: PBP training
	Total n: 33
Group A:15
Group B:18

	performance on selected modules  

	FES score and time
	Proficiency group has higher score and lower time
	No
	- No objective metrics 
- Benchmark assessed on FES score

	Hseino et al.13 2012
	RCT
	Superficial Femoral Artery Angioplasty
	Group A: PBP training
Group B: traditional training
	Total n: 10
Group A:5
Group B:5

	Antegrade SFA angioplasty performance on real patient

	Objective metrics but evaluated using a Likert scale
	PBP group has better score at GRS
	No
	- GRS, Likert scale

	Keily et al.14 2015
	RCT
	Robotic suturing skills 

	Group A: PBP training
Group B: control group
	Total n: 23
Group A:13
Group B:10

	Improvement in robotic basic skills

	GOALS score, GEARS score, total knots, and satisfactory knots 
	Improved ability to perform robotic suturing, GOALS score and GEARS score

	No
	- No objective metrics evaluated
- GOALS and GEARS scores used 

	
Lemke et al.15 2019
	RCT
	Faculty-led, peer tutor-led, and holography-augmented proficiency-based suturing training 
	Group A: faculty PBP led
Group B: Peer tutor led
Group C: computer augmented
	Total n: 32
Group A:10
Group B:10
Group C:12
	- Hand motion analysis 
- Number of sutures
- Time

	- Number of simple interrupted sutures          - Full-length sutures.          - Time required to achieve targeted proficiency 
	- All three methods in this study enabled participants to reach proficiency with no differences in educational outcomes
- A significant difference in cost between instructional methods was identified 
	No
	- Objective metrics used but no direct comparison with other training modalities

	Maertens et al.16 2017
	RCT
	Endovascular task
	Group A: eLearning + simulation
Group B: e-learning
Group C: control
	Total n: 29

Group A: 9
Group B: 10
Group C: 10
	Difference in performance
	GRS and checklist
	PBP improved rating scale and checklist outcomes
	No
	- GRS based on OSATS and checklist (Likert) used
- No objective metrics

	Maertens et al.17 2018
	RCT on cost
	Endovascular for artery stenosis 

	Group A: eLearning + simulation
Group B: e-learning
Group C: control
	Total n: 29

Group A: 9
Group B: 10
Group C: 10
	patient outcomes, technical performance operative metrics Developmental cost, implementation cost, training time cost, 
	GRS and checklist
costs
	PBP improved rating scale and checklist outcomes and is cheaper than on real patient training
	No
	- GRS based on OSATS and checklist (Likert) used
- No objective metrics

	Martin et al.18 2019
	RCT
	Laparoscopic skill on porcine model
	Group A: peg transfer to Proficiency
Group B: pattern cut to Proficiency
Group C: intracorporeal suturing tasks to Proficiency
	Total n: 93
Not specified
	Skill transfer on Porcine model
	Time to complete the task errors
	Decreased variability in performance during practice on simulators is associated with improved performance at the end of training and during transfer to a live, anesthetized, porcine model 
	No
	- Proficiency level is defined as time to complete without errors in FLS simulator in pre-test. 
- Objective metrics are not defined. 

	Satava et al.19 2019
	RCT
	FRS 
	Group A: Dome
Group B: dV-Trainer
Group C: DVSS to
benchmarks 
Group D: control 
	Total n :123
Group A: 29
Group B: 30
Group C: 32
Group D: 32
	FRS effectiveness
	GEARS, familiarity checklist, psychomotor metric
	Training
group performance did not differ from control
group, overall noninferiority
	No
	- GEARS score used, 
- No objective metrics 
- Data not extractable

	Snyder et al.20 2009
	RCT
	Lap VR simulator
	Group A: independent
Group B: proctored
	Total n: 36

Group A: 18
Group B: 18
	Proficiency demonstration
	Objective simulator metrics
	Proctored training does not reduce time to achieve proficiency
	No
	No comparison of PBP vs non-PBP

	Snyder et al.21 2010
	RCT
	Laparoscopic porcine model – multiple tasks
	Group A: independent
Group B: proctored
	Total n: 36

Group A: 18
Group B: 18
	Proficiency demonstration
	Time to complete task
	Observation of real task better than only video
	No
	No objective metrics defined

	Stefanidis et al.22 2012
	RCT
	Nissen fundoplication 
	Group A: Simulation PBP training
Group B: control group
	Total n: 30

Group A: 20
Group B: 10
	Automaticity demonstration
	Objective suturing score and GOALS
	Automaticity level outperformed PBP
	No
	- No PBP vs control comparison but automaticity vs PBP
- GOALS scale used

	Stoller et al.23 2016
	RCT
	Fundamental laparoscopic skills Tasks
	Group A: Performance goal (PBP training)
Group B: learning goals (PBP training)
	Total n: 48
Group A: 23
Group B: 25
	Task Complexity Index, Post- Affect, & NASA TLX Perception of surgery; Questionnaires 
	The first outcome was Goal theory on PBP training.
Proficiency was tested as secondary outcome.
	No significant differences between the performance goals group and the learning goals group in perception of surgery, affect, goal commitment, subjective task complexity, subjective workload, and self- efficacy.

	No
	Proficiency defined as time to complete the task and 2 errors not based on baseline expert benchmarks

	Vargas et al.24 2016
	RCT
	Suturing task in a live porcine model
	Group A: dVSS to Proficiency
Group B: control
	Total n: 38
Group A: 19
Group B:19
	Performance at cystotomy closure on a live porcine model
	GEARS and Time.
Proficiency was assessed as overall score of 91% at simulator
	No significant differences in task time in minutes or GEARS scores were seen for the final suturing task between the intervention and control groups
	No
	- GEARS scores and time to complete the task used
- No objective metrics

	Varley et al.25 2014
	RCT on retention of Skills
	Retention of Skills in single-incision laparoscopic surgery PBP training
	Group A: baseline test and retention at 4 weeks
Group B: baseline test and retention at 12 weeks
	Total n: 30
Group A: 14
Group B:16
	Peg transfer one and for precision cutting two at SILS  

	Proficiency was defined as time to complete
	No significant differences in retention skills between the two PBP group
	No
	No objective assessment of proficiency

	Yang et al.26 2018
	RCT Transferability of laparoscopic skills
	Appendectomy and cholecystectomy training on the VR simulator 

	Group A: appendicectomy on simulator to proficiency and cholecystectomy
Group B cholecystectomy to proficiency
	Total n: 44
Group A 22
Group B 22
	Transferability of laparoscopic skills
	Time, safety and economy parameters 

	Positive transfer of motor skills between laparoscopic appendectomy and cholecystectomy on the VR simulator
	No
	No objective metrics used.



RCT: randomized clinical trial; FRS: Fundaments of Robotic Surgery; VR: virtual reality; OR: operatory room; GOALS: Global Operative Assessment of Laparoscopic Skills; GEARS: Global Evaluating Assessment of Robotic Skills; SILS: single-incision laparoscopic surgery; DVSS: DaVinci simulator; SFA: Superficial Femoral Artery; OSATS: Objective Structured Assessment of Technical Skills; IPPI: integrated procedural performance instrument; GRS: global rating scale; PBP: proficiency-based progression


Appendix 4 – Funnel plots and Egger’s asymmetry test evaluating publication biases according to different outcomes tested.

A. Errors – SMD					B. Errors - ROM
[image: ]	 	[image: ]
Bias: -4.16, p value < 0.001				Bias: -1.93, p value = 0.7


C. Steps – SMD					D. Steps – ROM
[image: ]		[image: ]

Bias: 3.93, p value = 0.01				Bias: 5.24, p value = 0.01


E. Time – SMD					F. Time – ROM 
[image: ]		[image: ]
Bias: -4.13, p value = 0.3				Bias: -2.32, p value = 0.1


G. Proficiency achievement

[image: ]
Bias: -1.16, p value = 0.1			


Appendix 5 – Odds ratio between studies assessing the effect of PBP vs standard training on procedural proficiency benchmark achievement.

[image: ]


Appendix 6 – Examples of steps, errors and critical errors for different procedures or tasks.
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Discipline  Procedure  Procedu re   step  Error  Critical error  

Laparoscopic surgery  L aparosc opic  cholecystectomy  Steps not measured   Instrument out of view  Cystic artery injury  

Interventional  cardiology/endovascular  interventions  Carotid artery  stenting with  embolic protection  C orrect  seq uence of  procedure  T ip of the catheter scraping against  the  vessel wall while it is being advanced    Catheter advancing  uncontrollably into the  lesion    

Advanced  l aparoscopic  surgery   skill  Nissen   f undopl ication  First fun d al bite  Instrument not assisting  Fundus loses  approximation :  Once the  fundus is approximated  around the  oesophagus , the  knot slips allowing the tips  of the fundus to separate.  

Arthroscopic   s urgery  Bankart   procedure  I nsert suture anchor  W orking end of instrument out of  the  field  of view  W hen  insert ing the   suture  anchor : On completion   the   implant remains  visibly  proud  

Ana esthesia  Epidural for labour  Hand wash  done as per  guidelines  Inserts catheter without introducer  Continues to administer  local anaesthetic with blood  in the catheter  

Inte nsive ca re:  Communication skill  Handover   of a  deteriorating patient  States the situation   Presents with productive  cough  When s tat ing   the si tu ation   of the patient :   Does not refer to  their  elevated white cell  count  F ails to  State   clinical case - specific  assessment   (e.g.,  the patient has sepsis)  
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