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Abstract

Background Virtual reality (VR) simulation is particularly suitable for learning
arthroscopy skills. Despite significant research, one drawback often outlined is the
difficulty in distinguishing performance levels (Construct Validity) in experienced
surgeons. Therefore, it seems adequate to search new methods of performance
measurements using probe trajectories instead of commonly used metrics.

Hypothesis It was hypothesized that a larger experience in surgical shoulder arthroscopy
would be correlated with better performance on a VR shoulder arthroscopy simulator
and that experienced operators would share similar probe trajectories.

Materials & Methods After answering to standardized questionnaires, 104 trajectories
from 52 surgeons divided into 2 cohorts (26 intermediates and 26 experts) were
recorded on a shoulder arthroscopy simulator. The procedure analysed was the "loose
body removal” in a right shoulder joint. 10 metrics were computed on the trajectories
including procedure duration, overall path length, economy of motion and smoothness.
Additionally, Dynamic Time Warping (DTW) was computed on the trajectories for
unsupervised hierarchical clustering of the surgeons.

Results Experts were significantly faster (Median 70.9s Interquartile range [56.4-86.3]
vs. 116.1s [82.8-154.2], p<0.01), more fluid (4.6.10°mm.s [3.1.10°-7.2.10°] vs.
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1.5.108mm.s [2.6.10°-3.5.10°], p=0.05), and economical in their motion (19.3mm?2
[9.1-25.9] vs. 33.8mm? [14.8-50.5], p<0.01), but there was no significant difference in
performance for path length (671.4mm [503.8-846.1] vs 694.6mm [467.0-1090.1],
p=0.62). The DTW clustering differentiates two expertise related groups of trajectories
with performance similarities, respectively including 48 expert trajectories for the first
group and 52 intermediates and 4 expert trajectories for the second group (Sensitivity of
92%, Specificity of 100%). Hierarchical clustering with DTW significantly identified
expert operators from intermediate operators and found trajectory similarities among
24/26 experts.

Conclusion This study demonstrated the Construct Validity of the VR shoulder
arthroscopy simulator within groups of experienced surgeons. With new types of
metrics simply based on the simulator's raw trajectories, it was possible to significantly
distinguish levels of expertise. We demonstrated that clustering analysis with Dynamic
Time Warping was able to reliably discriminate between expert operators and

intermediate operators.

Clinical Relevance The results have implications for the future of arthroscopic surgical
training or post-graduate accreditation programs using virtual reality simulation.
Level of evidence: Ill; prospective comparative study.

Keywords VR Simulation - Shoulder Arthroscopy - Training - Arthroscopic skills

1. Introduction

Surgical simulation aims to teach practical skills outside the operating room. It is
necessary for safety[1] and organizational reasons related to the functioning of health
facilities[2] and the time constraints of teachers and students. In France, procedural
simulation has been officially included in the medical and surgical training resident
national curriculum since 2017[3]. Virtual reality (VR) simulation is a tool that
complements traditional techniques on models[4], or cadaveric subjects[5]. It is
particularly suitable for learning arthroscopy skills[6—-8]. Numerous researches have
been dedicated to the development of this tool and its use. In two recent meta-
analysis[9,10], one of the main outlined drawbacks was the difficulty in distinguishing

performance levels (Construct Validity) with traditional metrics (such as duration and
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path length) in homogeneous experienced populations. Therefore, it seems adequate to
search for new metrics or new methods of performance measurements.

In data mining, hierarchical clustering is a method of analysis which seeks to
build a hierarchy of clusters with a linkage criterion. In time series analysis, dynamic
time warping (DTW) is one of the algorithms for measuring similarity between two
temporal sequences, which may vary in speed. Hierarchical clustering with DTW was
used with success to distinguish different levels of expertise on studies about VR
simulation in robotic surgery training[11] but have not yet been analysed in arthroscopic
training.

It was hypothesized that a larger experience in surgical shoulder arthroscopy
would be correlated with better performance on a virtual reality shoulder arthroscopy
simulator and that experienced operators would share similar probe trajectories. The
objective of this study was to analyse instrument trajectories and to determine the ability
of the simulator to distinguish individual performance levels within cohorts of
experienced surgeons of different expertise levels using innovative metrics and

hierarchical clustering with DTW.
2. Methods

2.1. Population

The trajectories of two cohorts have been prospectively collected during international
orthopaedic surgery congresses, French Society of Arthroscopy (SFA) held in
Strasbourg-December 2018, and the International Shoulder Course, Val d'Isére-January
2019. Each participant answered a standardized questionnaire about his/her expertise in
arthroscopy, his/her hobbies (Table 1). Informed consent was obtained for all the
participants. Questions regarding the number of actual surgical procedures ever done
before doing the exercise served to establish base-line experience levels for each cohort.
The first cohort called INTERMEDIATE is composed of 29 orthopaedic surgeons with
an interest in arthroscopic surgery (surgeons at the end of the resident training phase
and fellows), who have performed between one and 99 arthroscopic surgeries as
principal operator possibly under supervision of a senior surgeon. The second cohort
called EXPERT is composed of 28 orthopaedic surgeons with a subspecialisation in
arthroscopic shoulder surgery who have performed more than 100 arthroscopic
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surgeries as principal operator. This experience threshold was previously used in a
similar study[12]. Only actual surgical practice was assessed to determine the expertise
level, therefore previous practice on any surgical simulator has not been take into
account. Three INTERMEDIATE and two EXPERT trajectories data were incomplete.
The remaining 26 INTERMEDIATE and 26 EXPERTS participant trajectories data
were analysed for the study. A two-sided power calculation was performed for the null
hypothesis (“performance of experts is equal to that intermediate”) with an acceptable
type 1 error, a= 0.05 and acceptable type 2 error 3 = 0.20, power = 0.8. For the power
calculation, data from previous shoulder arthroscopy validation study were used [13].
This resulted in a minimum number of 14 subjects in each group, which is in line with

previously reported validation studies[12—15].

2.2. Methods of assessment

The VirtaMed AG (Zurich) ArthroS™ arthroscopy simulator was used to collect
trajectories. Face and construct validity of the simulator and its different modules have
been assessed in previous studies for novice and experts population [12,13,16]. The
FAST and SHOULDER modules were used for the study. The exercise corresponded to
a basic procedure in shoulder surgery: the extraction of foreign bodies in a shoulder
joint. “Catch the Stars Glenohumeral” is a semi-realistic immersion exercise with
modelling of a pathology-free shoulder joint where the goal is to grasp and extract five
foreign bodies (i.e., five stars).

The data collection of study participants was done according to a standardized
model (Figure 1). First, the participant performed exercises on the FAST module using
the arthroscopy simulator (1.1, 1.2 and 1.3 in figure 1). Second, the participant was
introduced to the modelling of the right shoulder joint by performing a video-guided
identification of the different structures of the joint in the SHOULDER module,
procedure done in lateral decubitus position for all the participants. (2.1 in figure 1).
Third, the users performed the Catch the stars glenohumeral exercise in the
SHOULDER module (2.2 in figure 1) in lateral decubitus which he/she performed 3
times. The first trial corresponding as the learning curve was removed from the study

analysis.

2.4. Statistical Analysis

Page 4 of 18



The Matlab-based program TRACAS (TRajectory Analysis for Computer
Assisted Surgery) was adapted to the arthroscopy simulator data and used for trajectory
analysis. In the first step, the data extracted from the simulator were used to compute
ten metrics (defined in Figure 2): duration, path length, velocity, acceleration, jerk,
volume, economy of movement, motion smoothness, spectral arc length smoothness and
depth. The analysis was done following previously published techniques[17-20].
Computation of all metrics and trajectory analysis were run on a dedicated computer
(Xeon E5-1650V4 @3.60GHz with 32Go RAM) using Matlab_R2018b. Non-
parametric test (two-sided Mann-Whitney U test) was used for these metrics between
the different manipulators in order to observe which of these metrics showed statistical
differences (p < 0.05). Box-plots representations were modelled. The second step of the
study consisted of clustering the trajectories of participant using the ascending
hierarchical classification with Dynamic Time Warping (DTW). DTW is relevant for
the time series indexer because it has the ability to recognize shapes regardless of their
time distortion or their phase shift[21].

3. Results

3.1. Metric Analysis

Analysis of the probe trajectory metrics revealed significant differences between
the INTERMEDIATE and EXPERT groups (Table 2). Box-plots are represented in
(Figure 3) and (Figure 4). The expert group significantly outperformed the
intermediate group for the following metrics (Figure 3): Duration (s), p<0.01 (Figure
3.1); Average velocity (mm.s™), p<0.01 (Figure 3.2); Economy (mm?), p<0.01 (Figure
3.3); Motion Smoothness (mm.s®), p=0.05 (Figure 3.4); Spectral Arc Length
Smoothness, p<0.01 (Figure 3.5) and Working Volume (mm?), p<0.01 (Figure 3.6).
There were no significant differences between the groups for the following metrics
(Figure 4): Path length (mm), p=0.08 (Figure 4.1); Average Acceleration (mm.s?),
p=0.39 (Figure 4.2); Average Jerk (mm.s®), p=0.41 (Figure 4.3) and Depth (mm),
p=0.11 (Figure 4.4).

3.2. Trajectory Analysis
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The results of unsupervised clustering made from the DTW are given in (Figure
5). On this dendrogram, each datum is represented in abscissa and they all join one by
one until forming a single cluster. The lower the groupings of clusters, the lower the
DTW distance between the aggregated data and the more similar the trajectories. Since
two categories are studied here, it was decided to compare the two largest clusters only.
The first cluster was composed of 48 similar trajectories, 100% of the data from the first
category was derived from the EXPERT cohort (24/26 experts) while 93% of the
second cluster was composed of data from the INTERMEDIATE cohort (26/26
intermediaries) and 7% from the EXPERT cohort (2 experts) for a total of 56 similar

trajectories (Sensitivity of 92%, Specificity of 100%).

4.Discussion

About this loose body removal arthroscopic procedure in a virtual-reality
simulated shoulder, the results confirmed that six among the ten metrics computed on
the trajectories were able to distinguish between expert and non-expert operators:
experts had more fluid (better result for spectral arc length smoothness), more
economical (better results for economy and working volume), and more efficient (better
results for time and speed) gesture. However, the acceleration and path length did not
statistically differ between groups. In the same way, Rahm et al.,[13] had noticed that
the path length metric was not as discriminative as the others used in this simulator.
Although often used by VR simulators, path length does not seem to be correlated with
expertise. The Motion Smoothness metric was calculated with different formulas in the
past [17,18,20]. For this study, three formulas for motion smoothness were computed.
The Hofstad computation [18] was not significant and we choose to not represent it. The
Cotin computation [17] was just significant for this study. More interesting, our results
of Spectral Arc Length Motion Smoothness were very significant and consistent with
the results found by Balasubramanian et al., [20]. With these new types of metrics
simply based on the simulator's raw trajectories, it was possible to significantly
distinguish levels of expertise.

We demonstrated that clustering analysis with DTW was able to reliably
discriminate between expert operators and intermediate operators in an unsupervised

way. We suggest that this whole trajectory-based approach could be used to better
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classify the performance level in a simulator. Cluster 2 is composed of the entire
intermediate cohort and two experts. The declared ages of these two experts are near the
median age of the intermediate cohort (31 years). Their presence in this cluster could be
explained by a non-age-related experience. We did not find any impact of nationality on
simulator performance. On the contrary, the intermediate cohort composed entirely of
French participants is distinguished by the heterogeneity of the trajectories in the DTW
classification.

Construct validity of the simulator had already been demonstrated for novices
and experts[13][22]. But, Stunt et al.,[22] faced difficulties to find significant
differences in performance for the intermediate group (less than sixty arthroscopic
surgeries as principal operator). Roberts et al.,[16] did not distinguish between surgical
experience for a similar shoulder arthroscopic exercise with the performance metrics
proposed by the simulator, questioning its interest for middle-grade trainees and
consultant. Our study shown that it is possible for a VR arthroscopy simulator to
distinguish between more levels of expertise by using new metrics or with clustering
analysis with DTW.

The majority of the intermediate cohort had similar theoretical training in
arthroscopy (84% had the French national diploma of arthroscopy). Nearly half of them
had already received simulator training (46% vs. 27% for the experts). However, this
group stands out from the experts because of the heterogeneity of their trajectories and
their lower performance. It is therefore essential to combine practical simulator training
with theoretical training. But, Manoharan et al.,[23] recently demonstrated the
difficulty in the United Kingdom in creating a national training program for
arthroscopic surgery. Walbron et al.,[6,24] reported on the efforts of the French College
of Orthopaedic Surgery and Arthroscopic Society to propose a nationwide program of
arthroscopic surgery learning with virtual reality simulator. First results were interesting
but reached some limits due to the necessary but complicated organizational presence of
a trainer with the student. Thus, creating a standardized nationwide program with
regular monitoring of student performance remains complex in practice with only few
successful examples in the world[25]. Immediate and direct feedback on performance
seems mandatory with ongoing guidance rather than having the student work

autonomously with occasional feedback during spaced sessions with the trainer.
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We still need to demonstrate that the results for this method can be extrapolated
to other exercises and simulators. Indeed, the Catch the Stars Glenohumeral exercise is
identical for each attempt: the position as well as the order of appearance of the stars are
the same; similarly, the anatomy and dimensions of the simulated shoulder are always
the same. This invariance of the exercise makes the measurement of DTW very
effective because each participant will have to use the same path. The experience level
was only assessed by the number of arthroscopies performed as the principal operator,
in line with previous studies’ experience thresholds [13,22]. Although the exercise was
conducted under similar conditions for the two cohorts (at a congress and not in an OR
environment), the results may have been distorted by inherent conference distractions.
This may explain the presence of some outliers in the study. Also mentioned by
Fucentese et al,,[12] collecting data during congress might cause a selection bias by
attracting participants who are highly interested in medical education and virtual reality
training. Subgroup analysis for sports, video game and musical instrument practices
were limited by the small sample size and the heterogeneity of the subgroups, we
choose to not represent the results. Finally, this study is about technical skills of the
surgeon only. Studying non-technical skills including cognitive and interpersonal skills
is also of high importance[26].

5. Conclusion

This study demonstrated the Construct Validity of the VR shoulder arthroscopy
simulator within groups of experienced surgeons. With new types of metrics simply
based on the simulator’s raw trajectories, it was possible to significantly distinguish
levels of expertise. We demonstrated that clustering analysis with Dynamic Time
Warping was able to reliably discriminate between expert operators and intermediate

operators.
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1.1 ImageCentering_endoscopy

FAST 1.2 Telescoping_endoscopy
MODULE
1.3 Periscoping_endoscopy

!

2.1 Shoulder_Anatomy localization

SHOULDER

MODULE 2.2 Shoulder_Catch the stars

At

Figure 1. Standardized protocol (1. The trainee is introduced to the simulator with the

FAST (Fundamentals of Arthroscopy Surgery Training) module with 3 different
exercices 1.1, 1.2 and 1.3; 2.1 The trainee is introduced to the shoulder anatomy of the
SHOULDER module in lateral decubitus, 2.2. The trainee performs the task 3 times in

lateral decubitus)

METRICS DEFINITION

Duration (DUR) Execution time between the first time the hand moves the probe, until the
probe has been released at the end of the task. It is measured in seconds (s).

Path Length (PL) Sum of the total distances travelled by the probes (camera and grasper)
during the execution of the task. It is measured in millimetres (mm).

Average Velocity (AV) Average linear speed of the probe during the task. It is measured in

millimetres per second (mm.s™).

Average Acceleration (AA)  Average instantaneous acceleration of the probe during the task. It is
measured in millimetres per second squared (mm.s).
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Average Jerk (AJ) Average jerk (derivative of the acceleration) during the task, also known as
“smoothness”. It is measured in millimetres per second cubed (mm.s=).

Working volume (Wv) Volume of the convex hull for each trajectory. It is measured in millimetres
cubed (mm?).

Economy of motion (ECO) Ratio between the working volume and the path length. It is measured in
mm?.

Motion Smoothness (HMS)  Total change in acceleration of the tip of the instrument. It is measured in
millimetres per second cubed (mm.s™) and is normalized by the duration of

the task.
Spectral Arc Length Smoothness of the linear movement speed profile using the spectral arc
Smoothness (SPARC) length method. Unitless measure.
Depth (D) Total distance travelled by the tip of the instrument along the z-axis. It is

measured in millimetres (mm).

Figure 2. Metric definitions
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3.3. Working Volume, 3.4. Economy, 3.5. Motion Smoothness, and 3.6. Spectral Arc

Length Smoothness)
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Figure 4. Metrics with no significant differences box-plot (4.1. Path length, 4.2.

Acceleration, 4.3. Jerk, and 4.4. Depth)
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Figure 5. Hierarchical Clustering with Dynamic Time Warping Dendrogram (The
abscissa axis indicates the trajectories and the ordinate axis indicates the distance
between merged clusters. The two main clusters are represented, cluster 1 is only
composed of experts with low DTW distance, cluster 2 is composed of the
intermediaries and 2 experts with more heterogeneous DTW distance.)
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INTERMEDIATE EXPERT TOTAL P-VALUE
(n=26) (n=26) (n=52)
AGE, yr 30 [28-31] 41 [36-46] 33 [29-41] <0.001"
GENDER 1"
Male 23 (88.5%) 24 (92.3%) 47 (90.4%)
Female 3 (11.5%) 2 (7.7%) 5 (9.6%)
DOMINANT SIDE 0.6'
Right 24 (92.4%) 25 (96.2%) 49 (94.3%)
Left 1 (3.8%) 0 (0.0%) 1(1.9%)
Ambidexter 1 (3.8%) 1 (3.8%) 2 (3.8%)
COUNTRY <0.001"
France 26 (100.0%) 5 (19.2%) 31 (59.6%)
Other 0 (0%) 21 (80.8%) 21 (40.4%)
SPORT PRACTICE 0.01
Yes 15 (57.7%) 24 (92.3%) 39 (75.0%) -
No 11 (42.3%) 2 (7.7%) 13 (25.0%)
VIDEO GAME 0.22
PRACTICE
Yes 10 (38.5%) 5 (19.2%) 15 (28.8%)
No 16 (61.5%) 21 (80.8%) 37 (71.2%)
MUSICAL 1’
INSTRUMENT
PRACTICE
Yes 7 (26.9%) 6 (23.1%) 13 (25%)
No 19 (73.1%) 20 (76.9%) 39 (75.0%)
SIMULATOR 0.25
TRAINING
EXPERIENCE
Yes 12 (46.2%) 7 (26.9%) 19 (36.6%)
No 14 (53.8%) 19 (73.1%) 33 (63.4%)

Table 1. Baseline Characteristics of participants
NOTE. Data are reported as median [interquartile range] or number (percentage).

* Independent-samples Student’s t-test

" Pearson’s chi-squared test
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METRICS Values (Median [Interquartile range (IQR), 25% - 75%] P
INTERMEDIATE EXPERT

Path_Length PL 695mm [IQR, 467-1090] 671mm [504-846] 0.62
Duration DUR * 116.1s [82.8-154.2] 70.9s [56.4-86.3] <0.01
Average_Velocity AV * 6.9mm.s?[4.7-9.5] 10.0mm.s [7.4-11.6] <0.01
Average_Acceleration AA 92.3mm.s?[61.0-141.4] 116.6mm.s? [79.2-144.2] 0.09
Average_Jerk AJ 3717mm.s® [2431-6087] 4211mm.s [3017-5604] 0.31
Economy ECO * 33.8mm? [14.8-50.5] 19.3mm? [9.1-25.6] <0.01
Motion Smoothness HMS * 1.5.10°mm.s® [2.6E+5-3.5E+6]  4.6.10°mm.s [3.1E+5-7.2E+5] 0.05
Spectral Arc Length Smoothness SPARC*  -37.8 [-60.7 - -26.5] -21.2[-31.0 - -16.8] <0.01
Depth D 123.8mm [97.1-155.0] 116.6mm [92.1-138.8] 0.11
Working Volume WV * 28236mm? [7193-52229] 12687mm?3[5753-22309] <0.01

Table 2. Metric results for INTERMEDIATE and EXPERT categories, p-values
Significant p-values are highlighted in grey and with an * mark.

"Mann-Whitney U p-value
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