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Abstract

Purpose—In this study, we investigate the ability of automated performance metrics (APMs) and 

task-evoked pupillary response (TEPR), as objective measures of surgeon performance, to 

distinguish varying levels of surgeon expertise during generic robotic surgical tasks. Additionally, 

we evaluate the association between APMs and TEPR.

Methods—Participants completed ten tasks on a da Vinci Xi Surgical System (Intuitive Surgical, 

Inc.), each representing a surgical skill type: EndoWrist ® manipulation, needle targeting, 

suturing/knot tying, and excision/dissection. APMs (instrument motion tracking, EndoWrist® 

articulation, and system events data) and TEPR were recorded by a systems data recorder 

(Intuitive Surgical, Inc.) and Tobii Pro Glasses 2 (Tobii Technologies, Inc.) respectively. The 

Kruskal-Wallis test determined significant differences between groups of varying expertise. 

Spearman’s rank correlation coefficient measured associations between APMs and TEPR.

Results—Twenty-six participants were stratified by robotic surgical experience: novice (no prior 

experience; n=9), intermediate (<100 cases; n=9), and experts (≥ 100 cases; n=8). Several APMs 
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differentiated surgeon experience including task duration (p<0.01), time active of instruments 

(p<0.03), linear velocity of instruments (p<0.04), and angular velocity of dominant instrument 

(p<0.04). TEPR distinguished surgeon expertise for 3 out of 4 task types (p<0.04). Correlation 

trends between APMs and TEPR revealed that expert surgeons move more slowly with high 

cognitive workload (ρ<−0.60, p<0.05), while novices move faster under the same cognitive 

experiences (ρ>0.66, p<0.05).

Conclusions—APMs and TEPR can distinguish surgeon expertise levels during robotic surgical 

tasks. Furthermore, under high cognitive workload, there can be a divergence in robotic movement 

profiles between expertise levels.

Keywords

Robotic surgical training; Surgeon assessment; Automated performance metrics; Task-evoked 
pupillary response

Introduction

Robotic surgery is a common approach for multiple surgical disciplines including urology. 

In 2018, over one million robotic-assisted surgical procedures were performed using the da 

Vinci Surgical System (Intuitive Surgical, Inc.) [1]. Training surgeons to robotic technical 

proficiency is essential to ensure competency and prevent surgical errors, since technical 

skill impacts patient outcomes [2–4].

Consequently, objective assessment of robotic surgical skill is critical for surgeon training 

[5]. The current gold standard of evaluating surgical skill includes subsequent manual review 

by experts [6]. Unfortunately, this approach is time-consuming, subjective, and susceptible 

to inter-observer variability [5, 7–8].

By nature, robotic procedures lend themselves to alternative assessment methodologies 

utilizing computer generated metrics, which are truly objective and largely immune to 

human bias [7]. In previous validation studies by our group, automated performance metrics 

(APMs), derived from kinematic data and robot systems events data, have distinguished 

surgeon experience during select steps of a robot-assisted radical prostatectomy [9]. Further 

application of APMs to modern computer science (through machine learning or deep 

learning) illustrates a link to clinical outcomes [10].

Surgeon assessment can also be conducted by considering cognitive workload, or mental 

strain in the working memory – which has limited processing capacity [5]. Studies show that 

cognitive workload differs in trainees and experts executing identical tasks and affects 

patient outcomes [11,12]. Task-evoked pupillary response (TEPR), based on eye movements 

and changes in pupil size, has been shown to correlate with cognitive processing and is an 

advantageous tool for reporting cognitive workload in real-time [3, 11, 13].

In this study, we present an evaluation of APMs and TEPR while surgeons of varying 

experience performed specialty-neutral tasks in a controlled laboratory environment. First, 

we sought to determine the ability of APMs and TEPR to distinguish surgical expertise. 
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Secondly, we examined the association between APMs and TEPR during the tasks to 

investigate surgeon performance during different cognitive states of mind.

Methods

Study Design

After obtaining institutional review board approval, participants of varying surgical 

experience at our institution performed four sets of surgical tasks on the da Vinci Xi Surgical 

System. Each task type was chosen to represent one of four broad robotic skill categories: 

EndoWrist ® manipulation (Fig. 1a), needle targeting (Fig. 1b), suturing/knot tying (Fig. 

1c), and excision/dissection (Fig. 1d).

Participants

Participants in the present study were faculty surgeons, robotic fellows, urology residents, 

and medical students from our institution, enrolled to represent a spectrum of surgical 

experience. The participants were stratified a priori into three surgical experience levels: 

novices (no surgical experience), intermediates (less than 100 robotic console cases), and 

experts (greater than or equal to 100 robotic console cases). The cut-off defining an expert 

surgeon was based on a meta-analysis and our previous study [7, 14]. We utilized a 

standardized orientation to ensure baseline understanding on the use of the da Vinci surgeon 

console.

Data Collection

Surgical skill assessment was quantified utilizing two data streams: APMs and TEPR.

During all tasks, robotic metrics were collected at a sampling rate of 50 Hz using a systems 

events data recorder (Intuitive Surgical, Inc.) provided by Intuitive Surgical (Fig. 2a). The 

APMs derived from the recorded metrics included kinematic data (instrument travel time, 

path length, velocity, EndoWrist® movements) and system events data (camera movements, 

clutch use). In this study, a total of 22 previously validated APMs were examined for 

analysis [7,9].

Cognitive mental workload, assessed through TEPR, was recorded by an eye-tracking device 

measuring eye movements, gaze patterns, and pupil dilation at a sampling rate of 100 Hz. 

Participants wore the Tobii Pro Glasses 2 (Tobii Technology, Inc.), a wearable tracking 

system which did not obstruct the normal field of view (Fig. 2b). These eye-tracking 

recordings were anonymized and sent to EyeTracking, Inc. for data processing through their 

EyeWorks™ software. The software’s algorithms produced the Index of Cognitive Activity 

(ICA), a scaled metric from 0 to 1, reflective of TEPR and real-time cognitive workload, 

with greater values indicating higher cognitive processes.

Statistical Analysis

The Kruskal-Wallis test was utilized to compare performance differences, as measured by 

APMs and ICA, between the three participant groups. For post-hoc pairwise comparisons, 
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Dunn’s test with Bonferroni correction revealed which group pairings exhibited the 

significant difference.

Spearman’s rank correlation coefficient (ρ) exemplified any bivariate correlation between 

APMs and ICA for task types through two-tailed tests.

All statistical analysis in this study was conducted using IBM SPSS® v24, with p<0.05 

taken to signify statistical significance.

Results

Participant Demographics

Twenty-six students, surgical trainees, and surgeons participated in this study – of which 

nine were true novices (no prior robotic experience), nine were intermediates (median 50.0 

(range 22.5–80.0) prior console cases), and eight were experts (525 (175–2500) cases) 

(Table 1).

Comparison of surgeon performance by experience groups across task types

Automatic performance metrics (APMs)—In the present series of dry lab tasks, 

several APMs distinguished surgeons based on experience level (Online Resource 1). APMs 

that differentiated experience across the majority of task types (>2 of 4) included: total task 

duration (p < 0.01), time active of dominant and non-dominant instruments (p <0.03), linear 

velocity of dominant instruments, non-dominant instruments, and camera (p<0.04), and 

lastly angular velocity of dominant instrument (p<0.04).

Task-evoked pupillary response (TEPR)—TEPR, as a measure of cognitive workload 

quantified by the Index of Cognitive Activity (ICA), was also able to distinguish surgical 

experience. Trends showed a general decrease in ICA as surgeon experience increased 

(Table 2). This trend exhibited significance across three out of the four dry lab exercise 

types: EndoWrist® Manipulation (p<0.005), suturing/knot tying (p<0.037), and excision/

dissection (p<0.043).

Correlations between APMs and TEPR

Table 3 summarizes the correlation between APMs and TEPR by experience group and task 

type. The most significant correlations were observed during EndoWrist® manipulation, 

needle targeting, and suturing/knot tying tasks.

Stronger associations (ρ>0.6) were seen from specific APMs involving instrument and 

camera velocities. Our findings displayed opposing relationships between APMs and TEPR 

when comparing expert surgeons to less experienced surgeons. In two task types, experts’ 

linear velocity of their non-dominant instrument showed an inverse relationship with ICA 

(ρ<−0.64, p<0.05), revealing that experts move their instruments slower when more 

cognitive workload was required. In contrast, intermediates exhibited a direct relationship as 

their non-dominant instruments move faster with more cognitive demand (ρ>0.66, p<0.05). 

These relationships were also apparent for linear velocity of the dominant instrument for 

experts (ρ=−0.69, p=0.01) and intermediates (ρ>0.71, p<0.05), as well as for linear velocity 
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of the camera [experts (ρ=−0.60, p=0.04); intermediates (ρ>0.64, p<0.05)] during select task 

types.

Wrist angular velocity of non-dominant instrument also followed the above trend. In one 

task type, experts rotated their wrists more slowly with increased cognitive workload (ρ=

−0.53, p=0.01). Conversely, in two task types, intermediate surgeons rotated their instrument 

wrists faster with increased cognitive workload (ρ>0.71, p<0.05).

Discussion

The present study demonstrated the ability of APMs and TEPR to distinguish robotic 

surgical experience in a controlled training environment. Furthermore, during states of high 

cognitive workload, there can be a divergence in robotic movement profiles between 

surgeons of varying experience. Our findings showed that expert surgeons generally slowed 

their movements with increasing cognitive workload. This was contrary to surgeons with 

less experience, who commonly sped up with increasing cognitive workload. Perhaps 

experience has informed experts that slower movements maintain safety when the task at 

hand is more difficult.

This study also revealed that although some tasks may not display significant differences in 

objective performance metrics, they can still exhibit differences for cognitive workload 

between experience levels. For the excision/dissection tasks, experts experienced a lower 

cognitive workload while executing the same level of surgical performance, suggesting a 

greater capacity for decision making with unexpected complications should they arise.

Our findings are relevant because it is the first time our group has linked an automated 

method of surgical assessment to cognitive workload. In our previous validation studies of 

APMs, surgeon performance was measured in isolation – with no attempt made to survey the 

surgeon’s state of mind or the surgical environment. Correlations between APMs and TEPR 

illuminate surgeon adaptation skills while performing more difficult tasks. Understanding a 

surgeon’s cognitive workload provides insight into their decision-making process – which 

can be applied to how surgery is taught. Surgical training could encompass not only how to 

master a technical skill, but perhaps also how to cope with technical challenges. The next 

steps would require further understanding of how enhancing a surgeon’s “coping” skills may 

improve performance.

Some limitations to our study are noted. The small sample size from a single institution may 

limit the generalizability of our results. External validation of these findings should be 

performed. Our study evaluated for associations between surgeon performance and cognitive 

workload – any significant associations are merely that - no cause or effect can be attributed 

from one to the other dataset. Other unmeasured factors may contribute to variation of 

APMs and TEPR.

Conclusion

APMs and TEPRs can distinguish surgeons of varying experience. Furthermore, expert 

surgeons generally slow down their movements when more cognitive workload is required. 
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In contrast, surgeons with more limited experience tend to speed up with greater cognitive 

demand.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a Task type 1 included 4 ring rollercoasters reflecting EndoWrist® manipulation skills. 

Participants were instructed to successively guide two rings from one end to another without 

dropping the ring. b Task type 2 included two needle targeting tasks. c Task type 3 included 

two suturing/knot tying tasks. Participants were instructed to execute two interrupted knots: 

either simple knots or figure 8 knots. d Task type 4 reflected two excision/dissection tasks. 

Participants were instructed to consecutively remove the “lid” and a wedge of a clementine.
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Fig. 2. 
a Intuitive Surgical, Inc.’s system events data recorder, a device that records synchronized 

endoscopic video and kinematic/system events data through direct physical connection to a 

da Vinci Surgical System. b Tobii Pro Glasses 2 (Tobii Technology, Inc.), a wearable eye-

tracking system.
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Table 1

Participant Demographics

Group

N I E

Novice (no prior robotic experience) Intermediate (< 100 robotic cases) Experts (≥ 100 robotic cases)

Number of participants 9 9 8

Median (IQR)

Age 26.0 (23.5 – 31.5) 35.0 (32.5 – 40.5) 42.5 (33.25 – 47.5)

Years of practice 0.0 (0.0 – 5.5) 6.0 (3.0 – 7.5) 14.0 (6.25 – 24.0)

Number of robotic cases 0.0 (0.0 – 0.0) 50.0 (22.5 – 80.0) 525.0 (175.0 – 2500.0)
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Table 2

Comparison of task-evoked pupillary response (TEPR) between novices (N), intermediates (I), and experts (E)

Task Type Group Index of Cognitive Activity (ICA) p-Value

Median (IQR)

EndoWrist® manipulation

N 0.517 (0.433 – 0.574)

< 0.005 †⋄I 0.442 (0.363 – 0.475)

E 0.423 (0.298 –0.506)

Needle targeting

N 0.430 (0.383 – 0.547)

0.051I 0.365 (0.298 – 0.425)

E 0.328 (0.192 – 0.452)

Suturing/knot tying

N 0.534 (0.388 – 0.592)

0.037 ⋄I 0.372 (0.278– 0.485)

E 0.372(0.248 – 0.485)

Excision/dissection

N 0.471 (0.416 – 0.534)

0.043 ⋄I 0.418 (0.389 – 0.468)

E 0.346 (0.265 – 0.473)

TEPR, as a measure of cognitive workload, is quantified by the Index of Cognitive Activity (ICA) on a scale of 0 to 1, with higher values indicating 
higher cognitive workload.

⋄
denotes significant difference (p<0.05) between groups E & N (experts and novices)

†
denotes significant difference (p<0.05) between groups I & N (intermediates and novices)

*
denotes significant difference (p<0.05) between groups E & I (experts and intermediates)
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Table 3

Correlations between task-evoked pupillary response (TEPR) and automated performance metrics (APMs) for 

novices (N), intermediates (I), and experts (E)

Task 
Type

EndoWrist® maniuplation Needle targeting Suturing/knot tying Excision/dissection

Group N I E N I E N I E N I E

APM

Time-related metrics 
(seconds)

Time to complete task - - 0.43 0.69 - - - - - - - -

Moving time of dominant 
instrument

- - 0.42 0.85 - - - - - - - -

Moving time of non-
dominant instrument

- - 0.4 0.79 - - - - - - - -

Moving time of camera - - 0.64 - - - - - - - - -

System events metrics

Master clutch usage during 
task

- - - - −0.77 - - - - - - -

Instrument kinematic 
metrics

Path length of dominant 
instrument (cm)

- - - 0.73 - - - - - - - -

Path length of non-
dominant instrument (cm)

- - - 0.77 - - - 0.90 - - - -

Linear velocity of dominant 
instrument (cm/s)

- 0.76 - - - - 0.62 - −0.69 - 0.71 -

Linear velocity of non-
dominant instrument (cm/s)

- 0.66 −0.76 - - −0.64 - 0.88 −0.85 - - -

Camera kinematic metrics

Linear velocity of camera 
(cm/s)

- 0.64 - - - - - 0.83 −0.60 - 0.76

Number of camera 
adjustments during the task

- - - - - - - - - - - -

Path length of camera (cm) 0.48 - 0.47 - - - - - - - - -

EndoWrist® articulation 
metrics

Shaft rotation of dominant 
instrument (rad)

- - - - - - - - - - - -

Wrist translation along axis 
1 of dominant instrument 
(rad)

- - - - - 0.61 - - - - - -

Wrist translation along axis 
2 of dominant instrument 
(rad)

- - - - - - - - - - - -

Shaft rotation of non-
dominant instrument (rad)

- - - 0.72 - - - - - - - -

Wrist translation along axis 
1 of non-dominant 
instrument (rad)

- - - - - - - - - - - -

Wrist translation along axis 
2 of non-dominant 
instrument (rad)

- - - - - - - - - - - -

World J Urol. Author manuscript; available in PMC 2021 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Nguyen et al. Page 13

Task 
Type

EndoWrist® maniuplation Needle targeting Suturing/knot tying Excision/dissection

Group N I E N I E N I E N I E

Dominant instrument 
articulation (rad)

- - - - - 0.61 - - - - - -

Non-dominant instrument 
articulation (rad)

- - - - - - - - - - - -

Angular velocity of 
dominant instrument 
articulation (rad/s)

- - 0.53 - 0.71 - - 0.79 - - - -

Angular velocity of non-
dominant instrument 
articulation (rad/s)

−0.61 0.51 - - - - - - - - - -

TEPR, as a measure of cognitive workload, is quantified by the Index of Cognitive Activity (ICA) on a scale of 0 to 1, with higher values indicated 
higher cognitive workload.

All values presented are significant correlations (p<0.05) between ICA and APMs
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