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1 Introduction
1.1 From Operating Microscope to Exoscope
The operating microscope (OM) has revolutionized the field of surgery since its introduction to the operating room in 1920s1–3. The OM provides an illuminated and highly magnified view of the operative field with a clear stereoscopic vision, allowing surgeons to perform precise manipulation of minute structures; the contemporary OMs even offer high degrees of automation and integrated advanced features, such as fluorescence, angiography, and neuronavigation4. However, operative challenges using the OM remain, including the bulky design, the need to frequently focus, and poor ergonomic comfort5,6. For example, the OM requires surgeons to maintain an uncomfortable posture to be in proximity to the binocular eyepieces, which puts surgeons at risk of chronic pain and disorders in the long term6,7.
In the last two decades, a novel “exoscope” (EX) system, consisting of an extracorporeal video telescope and connecting high-definition monitors, has been introduced as an alternative to address the limitations of the OM. The newly developed ORBEYE (OE, Olympus, Tokyo, Japan, 2017)8, compared to the majority of existing exoscopes, further offers high-definition and three-dimensional features9–11. Without conventional eyepieces, surgeons operate while watching surgical field images on a 4K monitor using special 3D glasses, in a more comfortable natural position with their heads upright9,12–23. In addition, the possibility of using 3D glasses provides an immersive surgical experience for the whole surgical team and demonstrates its potential for educational purposes since trainees can have the same view as surgeons15,24–26. Another potential but powerful advantage of the EX is borne out by the current outbreak of COVID-19. Gordon et al.27 and Teo et al.28 reported that the exoscope system made possible many forms of personal protective equipment (PPE) in the operation room, many of which can be challenging when using the traditional OM.
1.2 Learning Curves in Surgical Practice
Despite all the advantages of innovations, the safe introduction of new technologies into surgical practice is of great importance29. When a novel technique or device is introduced, surgeons will gradually gain proficiency or competence as their experience increases30; this relationship between learning effort and learning outcome can be graphically represented using learning curves31, which has been increasingly used in medical education and training32. Improvements tend to be most rapid at first, with subsequent smaller improvements as the curve approaches a plateau32–34. By shortening the inevitable learning curve, meaning an early achievement of competence, surgeons can provide state-of-the-art technologies to patients with minimized risks35. In surgical education, there is great interest in techniques for minimizing the negative effects of the learning curve by focusing on proctoring efforts during the “steep part” of the learning curve36. 
There are four learning curve features that are modelled in previous literature: the initial skill level, the learning rate, the final skill level achieved (the learning plateau), and the duration of the learning period 37–39. The shape of the learning curve is subject to the nature of a procedure, the number of cases performed, the frequency of cases performed, and individual differences40. Learning curves have been described for numerous operative innovations; however, they are rarely quantified41. The understanding of learning curves is critical for valid assessments of new surgical techniques because surgeons may well be on different points of the learning curve42. It is also essential to inform surgical training and evaluate procedures in practice40.

1.3 Exoscope, Learning Curves, and Present Study
Like any new technology, the EX has its own disadvantages. One obvious drawback in clinical use, reported by observational studies, is the easy obstruction of the surgical line between the surgeon and the screen43,44; similarly, surgeons need to mentally filter noises perceived in peripheral vision, compared to the OM when almost the entire visual field is perceived through eyepieces. But these problems can be solved by planning optimal surgical setup in advance and paying careful attention to repositioning during operations. Another difficulty is hand-eye coordination which requires the decoupling of the surgeon’s eyes from the lens7,22, which composes one main part of the learning process. 
Previous comparison studies indicate the presence of the learning curve for ORBEYE, though might be minimal23,25,26,43,44. In these studies, both junior and expert surgeons, who already have experience with the traditional OM in various degrees, showed improved comfort and performance using ORBEYE after performing an increasing number of surgeries using it. However, previous studies rarely compared the learning curves of microscope- and exoscope-assisted surgery in a quantitative manner and in novice surgeons who have least-established preferences. 
In the present study, our goal is not only to identify the existence of the learning period, but also to estimate the learning curve features and compare them between the operating microscope (OM) and the newly developed ORBEYE (OE). Novice surgeons will be asked to perform a previously validated, preclinical microsurgical task45 (“Stars the Limit”) using both the OM and the OE. Expert surgeons will also be recruited to perform the same task to assess its validity due to our modified scoring method, but only using the OM. An objective outcome (composite performance scores of tasks), subjective outcomes (the Raw Task Load Index46 and a five-question survey), and modelled learning curves will be obtained and examined. 

2 Methods
2.1 Participants and Protocol Registration
Twelve novice surgeons and six expert surgeons will be recruited from one university hospital. Participants in the novice group will be deemed suitable for inclusion if they have no previous experience of neither microscope nor exoscope-assisted surgery (performed zero); participants will be categorized as experts if they have completed their training in neurosurgery and/or have performed more than 50 microsurgical cases47,48. All participants will take a questionnaire about their previous surgical experiences (Table 1). Informed consent will be obtained from all participants. The trial protocol will be registered with the Clinical Governance Committee at the National Hospital for Neurology and Neurosurgery. The Consolidated Standards of Reporting Trials (CONSORT) statement will be used to prepare a manuscript.
	Demographics

	Date (complete by observer):
	Subject ID (complete by observer):

	Name:
	Gender: F/M/prefer not to say

	

	How many years since you started surgical training: _____ years

	

	Approximately how many cases you have performed using operating microscope: _____ cases

	Approximately how many cases you have assisted using operating microscope: _____ cases

	

	Approximately how many cases you have performed using exoscope: _____ cases

	
	If more than 0, please indicate how many cases involving ORBEYE specifically: _____ cases

	Approximately how many cases you have assisted using exoscope: _____ cases

	
	If more than 0, please indicate how many cases involving ORBEYE specifically: _____ cases


Table 1. Demographic questionnaire.

2.2 Optical instruments
The ORBEYE (OE, Olympus, Tokyo, Japan)8, a novel 4K 3D exoscope system with a 55-inch monitor, will be used as the example model of the EX. The focal length of the OE is 220 to 550 mm, with focusing and zooming controlled by hand at the scope-unit or using a footswitch. The traditional OMs, OPMI PENTERO or KINEVO 900 (Carl Zeiss Co, Oberkochen, Germany), will be used as the alternative to the OE. The PENETERO has focal length from 200 to 500 mm49 and the KINEVO has focal length from 200 to 625 mm50.

2.3 Procedure 
A preclinical randomised crossover study design will be used to compare the operating microscope (OM) versus the exoscope (ORBEYE/OE) in a low-fidelity surgical simulation task.
All twelve novice participants will be randomly allocated using a computer-generated sequence into groups to determine the order in which the microscope- and the exoscope-assisted tasks will be performed. Permuted blocked randomisation (block size 2 and 4) will ensure that an equal number of novices begin with each instrument. 
Novice participants will be asked to perform a preclinical microsurgical task -- “Stars the Limit”51. For this task, a standard star is drawn on a grape using a stencil with 5mm edge length; participants are asked to incise within the black line of the drawn star and peal the star-shaped skin off the flesh of the grape (Figure 1). Necessary instrumentations are provided including micro scissors and forceps. Novice participants will complete all tasks on the same day. No feedback on the performance will be given during the training. 
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Figure 1. Microsurgical simulation task: Stars the Limit. Left: task preparation. Right: task outcome
The task is repeated 20 times under each instrument (the OM and the OE) and a 5-minute time limit is given for each repetition; if novice participants are not able to finish the task within the time limit, they will be told to stop and start the next attempt. This task simulates fine tissue dissection and requires steadiness and precise instrument handling. Before starting the actual task, participants will have 10 minutes to familiarize themselves with the goal of the task (through a briefing of scoring criteria) and both magnifying instruments. All performances will be recorded using the built-in camera of the OM or the OE; only the task area and the surgeons’ hands will be video recorded to ensure anonymity. 
	Since we modified the task scoring method which serves as the primary outcome (described in section 2.4.1), six expert surgeons will also be recruited to assess the validity. They will perform the same task 20 times using the OM only. 

2.4 Outcomes
The primary outcome will be composite performance score (described in 2.4.1). The secondary outcomes will be perceived task workload and subjective impressions of the operating microscope (OM) and the ORBEYE (OE) (described in 2.4.2).
	Summary of Outcomes

	Primary outcomes
	Performance
	Composite performance score

	Secondary outcomes
	Workload
	RTLX

	
	Subjective impression
	five-question survey


Table 2. Summary of outcomes.
2.4.1 Composite performance score
The performance will be assessed based on a five-item grading rubric (Table 3). The observer will invigilate the process and record the time to completion for each repetition. The observer will assess the grape immediately to avoid the inability to assess in the case of rapid decomposition. 
	Task grading rubric

	Items
	Description 

	Time to Complete
	· The time to completion (seconds) is recorded, up to 5 minutes for each repetition; otherwise, will be told to stop. 

	Completeness of the Dissected Star
	· Defined as whether an examinable, generally star-shaped skin is obtained
· 0 for failure
· 1 for success

	Clean Star with No Flesh
	· The dissected star needs to be clean skin without flesh attached.
· 0 points for a lot of flesh, or no star obtained
· 1 point for some flesh
· 2 points for no flesh

	Edge within Limit
	· Incision needs to be made within the drawn line. 
· Both the dissected star and the remaining grape is examined; 1 point for the existence of the blackish on each edge. 
· If no star obtained, up to 10 points, since only the main grape can be assessed. 
· If star obtained, up to 20 points.

	Perforation
	· The number of perforations made is recorded. 
· 1 point deduction for every perforation into the deep flesh. 


Table 3. Task grading rubric. 
The obtained raw scores of the five parameters will be combined into a composite performance score. The establishment of the scoring algorithm is adapted from the work by Schmidt et al. and Cotin et al.52,53 
The raw score will be notated as  and adjusted to be seen as a cost function where a lower value corresponds to better performance. Specifically, the  for parameters “Edge within Limit” and “Clean Star with No Flesh” will be multiplied by -1. 
The standardized score will be computed according to the following equation:

Where N is the number of parameters (N=5).  and  will be derived from multivariate logistic regression with cross-validation performed. To enhance readability, the standardized score will be multiplied by 100. 
2.4.2 Secondary outcomes
The perceived workload will be assessed using a variation of NASA Task Load Index54 – Raw TLX (RTLX)55, in which the original “pairing/weighting” process is dropped but the subscales remain the same (Figure 2). There are six subscales: mental, physical and temporal demands, performance, effort, and frustration; each item is rated on a 20-point Likert scale (0=very low, 20=very high). The RTLX will be administered immediately after the completion of 20 attempts for each instrument; each novice participant and expert participant will complete the RTLX twice and once in total respectively. 
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Figure 2. NASA Task Load Index54 – Raw TLX (RTLX)
A survey about the subjective impressions will be administered after novice participants have completed the task using both instruments (Table 4). Participants will be asked about their preference between the OM and the OE in different aspects.
	Subjective Impression of Operating Microscope (OM) and ORBEYE (OE)

	Items
	Strongly prefer OM
	Prefer OM
	No preference
/Similar
	Prefer OE
	Strongly prefer OE

	1. Which one provides better visualisation?
    (Consider image sharpness and brightness)
	1
	2
	3
	4
	5

	2. Which one provides greater freedom of movement?
	1
	2
	3
	4
	5

	3. Which one allows a more comfortable posture?
    (Consider ergonomic comfort)
	1
	2
	3
	4
	5

	4. Which one felt easier to perform the task with? 
	1
	2
	3
	4
	5

	5. Which one would you prefer to use in the future?
	1
	2
	3
	4
	5

	Any other comments about the experience with two instruments (free descriptive: can related to questions above with more details or other random thoughts):



Table 4. Subjective Impressions of magnifying instruments.

2.5 Learning curve modelling 
The primary outcome, composite performance score, will be used to plot learning curves for each participant since an important degree of inter-subject variability in the performance curve is expected. Curve-fitting techniques will be performed using multiple model equations from published papers: (1) inverse curve56: . (2) exponential curve57: . (3) logarithmic curve58,59:. In all equations, X represents the repetition of tasks, and Y represents the composite performance score. The quality of curve fitting will be evaluated by log-likelihood. If no above models fit the data satisfactorily, additional models will be employed and assessed. The consideration is to find a simple way to estimate learning curve features without compromising the model fitting quality.

2.6 Statistical analysis
Based on pragmatic constraints and previous similar studies, a minimum sample size of 18 (12 novices and 6 experts) is aimed with a non-inferiority margin of 20%47,48,60,61. Data will be expressed as mean (standard deviation) and 95% CI. The statistical significance will be defined as p < .05.
In order to compare learning curves between subgroups based on the instrument used (the OM or the OE), curvilinear regression will be conducted after the best-fit model is selected. MATLAB Curve Fitting Toolbox (MathWorks) will be utilized to estimate the learning curve features. The differences between the groups will be tested for non-inferiority.
The NASA-RTLX contains six subscale scores and one composite score, which will be plotted and analyzed separately. For subscale scores, a 2*6 ANOVA will be applied, with the instrument (the OM or the OE) as between-subjects factors and the dimensions (MD, PD, TD, P, E, F) as within-subjects factors. For the composite score, a one-way ANOVA will be conducted. Post hoc testing with FDR correction will be conducted. 
The results of the subjective impression survey will be reported. For each participant, a summed score will be calculated from the responses of all five items. Student t-test will be used to compare the groups with a different initial instrument. 
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Task Load Index

Date (complete by observer): Subject ID (complete by observer):
Instrument (circle): Penetro / Kinevo / ORBEYE / if others, state:

Instruction: please evaluate the task by marking “’X’’ on each scale at the point which best fits your
experience. Please read the scale description and endpoint carefully.

Mental Demand

How much mental and perceptual activity was required (e.g., thinking, deciding, calculating, remembering,
looking, searching, etc.)? Was the task easy or demanding, simple or complex, exacting or forgiving?

Levr el
Very Low Very High

Physical Demand

How much physical activity was required (e.g., pushing, pulling, turning, controlling, activating, etc.)? Was the task
easy or demanding, slow or brisk, slack or strenuous, restful or laborious?

Lot
Very Low Very High

Temporal Demand

How much time pressure did you feel due to the rate or pace at which the tasks or task elements occurred? Was the
pace slow and leisurely or rapid and frantic?

Lot
Very Low Very High

Performance

How successful do you think you were in accomplishing the goals of the task set by the experimenter (or yourself)?
How satisfied were you with your performance in accomplishing these goals?

Perfect Failure

Effort
How hard did you have to work (mentally and physically) to accomplish your level of performance?

Lol
Very Low Very High

Frustration

How insecure, discouraged, irritated, stressed, and annoyed or secure, gratified, content, relaxed, and complacent
did you feel during the task?

Very Low Very High




