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Abstract

Objective. Use microscopic video-based tracking of laryngeal
surgical instruments to investigate the effect of robot
assistance on instrument tremor.

Study Design. Experimental trial.
Setting. Tertiary Academic Medical Center.

Methods. In this randomized cross-over trial, 36 videos were
recorded from 6 surgeons performing left and right
cordectomies on cadaveric pig larynges. These recordings
captured 3 distinct conditions: without robotic assistance,
with robot-assisted scissors, and with robot-assisted gras-
pers. To assess tool tremor, we employed computer vision-
based algorithms for tracking surgical tools. Absolute tremor
bandpower and normalized path length were utilized as
quantitative measures. Wilcoxon rank sum exact tests were
employed for statistical analyses and comparisons between
trials. Additionally, surveys were administered to assess the
perceived ease of use of the robotic system.

Results. Absolute tremor bandpower showed a significant
decrease when using robot-assisted instruments compared to
freehand instruments (P=.012). Normalized path length
significantly decreased with robot-assisted compared to free-
hand trials (P=.001). For the scissors, robot-assisted trials
resulted in a significant decrease in absolute tremor band-
power (P=.002) and normalized path length (P <.001). For the
graspers, there was no significant difference in absolute tremor
bandpower (P=.4), but there was a significantly lower
normalized path length in the robot-assisted trials (P =.03).

Conclusion. This study demonstrated that computer-vision-based
approaches can be used to assess tool motion in simulated
microlaryngeal procedures. The results suggest that robot
assistance is capable of reducing instrument tremor.
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ransoral microlaryngeal surgery is a minimally

invasive approach for laryngo-pharyngeal

cancers and lesions.! Like many procedures in
otolaryngology, microlaryngeal surgery is performed
within the tight confines of the laryngeal wvault,
demanding controlled, precise motion of long tools in a
narrow channel for safe and desirable patient outcomes.
Even minor instrument tremor can result in injury to the
vocal folds, leading to permanent vocal damage,
particularly in patients with abnormal anatomy and in
pediatric patients with smaller airways.?

In response to these challenges, a novel robotic ear,
nose, and throat microsurgery system (REMS) was
developed, which incorporates cooperative control of
microsurgical instruments. In this system, the robot arm
grasps the instrument shaft adjacent to the handle used by
the surgeon, allowing surgeon-robot collaboration during
the microsurgical procedure, in contrast to systems such
as the Da Vinci robot, where the surgeon remotely operates
the surgical robot and is not in the surgical field.?
The Galen ES system, based on the REMS system®
(Galen Robotics), recently received Food and Drug
Administration approval for laryngeal surgery [regulation
number 874.4460].
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The potential of REMS to improve precision in
simulated laryngoscopy surgical tasks was demonstrated
in a preliminary study.” However, the study's primary
limitation was its reliance on simulated tasks, which may
not be generalizable to actual laryngeal procedures. To
further advance this research, the subsequent step
involves the utilization of a higher fidelity cadaver model
to assess tremor reduction between robot-assisted surgery
and freehand surgery techniques. This would provide a
comprehensive understanding of the benefits offered by
robot-assisted surgery in tremor reduction during micro-
laryngeal procedures.

Conventionally, surgical performance has been as-
sessed subjectively, which is both time-intensive and
prone to several biases. In recent years, there have been
several advancements in automating evaluation of sur-
gical skills, covered in a systematic review by Levin et al.®
Previously, automated analysis of surgical tool motion
using electromagnetic trackers has been pioneered in
several surgical settings. For example, Smith et al demon-
strated that motion tracking offers valuable insights for
assessing laparoscopic dexterity.” Others have successfully
validated hand-motion analysis (HMA) as an objective
measure of surgical skill in the operating room,®'°
building the foundation for further advancements in
surgical tool motion studies.

In this study, we use a computer-vision-based auto-
mated tool-tracking algorithm to quantify surgical tool
motion. Compared to systems that rely on physical
tracking hardware such as electromagnetic trackers,
computer vision-based methods have proven to be
advantageous in multiple ways, including their potential
to analyze intraoperative videos, which are easily
captured using modern surgical microscopes common to
many procedures in otolaryngology. Automated tool
motion analysis of surgical videos offers several advan-
tages compared to physical trackers, including improved
accuracy and rapid feedback.®

Our study uses these computer vision-based methods in
surgical tool tracking to characterize the effects of the
robotic microsurgery platform, Galen ES version of the
REMS system, on tremor and tool motion. The primary
objective of this research is to quantitatively assess tremor
reduction during a microlaryngeal procedure with and
without robotic assistance using a high-fidelity cadaveric
pig model and a computer vision-based algorithm. By
comparing the tremor during freehand and robot-assisted
cordectomies, this investigation could offer critical in-
sights into the potential advantages of robot-assisted
microlaryngeal surgery.

Methods

Study Design

This study was approved by the Johns Hopkins
Institutional Review Board (HIRB00001598). Six otolar-
yngologists, comprising 3 residents and 3 attendings, were

recruited for this study. Cadaveric porcine larynges were
mounted on a 3D-printed laryngoscope and viewed
through a surgical microscope (Haag-Streit) equipped
with stereo vision cameras for video recording (Figure 1).
In the first phase of the study, participants were
instructed on how to perform a simulated cordectomy
procedure using forward-action laryngeal graspers and
curved laryngeal scissors (Integra) on the left and right
false vocal folds. Participants adjusted their chair, table,
armrests, and microscope settings to achieve optimal
ergonomics and limb support. Then, they performed the
cordectomy procedure on both sides without robotic
assistance. Subsequently, they were given a tutorial on
the Galen ES robot followed by a hands-on session, to
ensure they were adequately familiar with the system's
functionalities. The Galen ES robotic arm has a
universal mount with custom adapters that can accom-
modate a variety of instruments, including both the
graspers and scissors. Participants performed left and
right cordectomies using a combination of robot-assisted
scissors with freehand graspers and robot-assisted
graspers with freehand scissors, for a total of 4 trials
(2 on each side). The trial order within each of the
2 phases was randomized. Before and after the experi-
ment, participant information and feedback were col-
lected via written surveys including Likert scales
(Supplemental surveys 1 and 2, available online).

Surgical Tool Tracking

All freehand and robot-assisted trials were recorded
at 25 frames per second using a surgical microscope. The
recorded videos were annotated to outline the instruments
employed and isolate specific intervals of operation. These
annotations served as training data for nnU-Net, a deep-
learning segmentation method.!! The inferences from this
model were utilized as detections and integrated with
OpenCV CSRT (Discriminative Correlation Filter [with
Channel and Spatial Reliability]).'"> The vision-based
tracking algorithm generated frame-by-frame coordinates
for the joints of the graspers and scissors (Figure 2). The
power spectral density (PSD) of the instrument acceleration
was calculated using the pwelch function in MATLAB
(version R2022b; MathWorks).® Subsequently, the absolute
tremor bandpower was computed by approximating the
area under the curve (AUC) of the PSD plot between 8 and
12 Hz (Figure 3), as this has been shown to represent the
range of intraoperative physiological tremor.” The normal-
ized path length of the instrument was calculated by
summing the Euclidean distances between consecutive
points along the path (Figure 4) and dividing by the
elapsed time.

Statistical Analysis

Wilcoxon rank sum exact tests were utilized to analyze
the impact of experience levels and robot assistance.
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Figure |. Experimental setup. Top and bottom-left show the experimental setup, including the 3D-printed laryngoscope. Bottom-right
shows example frame of video data captured by the surgical microscope.

Figure 2. Representative frame of tracked tool joints. The image
shows the automated tool detection of tracked joints in a left
cordectomy. Left instrument: scissors. Right instrument: graspers.

All statistical analyses were performed in R (version
4.2.1), and statistical significance was set to P <.05.

Results

The average absolute tremor bandpower for freehand trials,
at 559.4 (mm/s?),” was significantly larger than that of robot-
assisted trials at 311.8 (mm/s?)> (P =.012). Likewise, the
normalized path length was higher in frechand (5.7 mm/s)
compared to robot-assisted trials (P =.001) (Figure 5). The
procedure completion time was similar between the free-
hand trials (mean =24 s, SD = 14 s) and robot-assisted trials
(mean =28s, SD=14) (P = 4).

The results were then stratified by instrument type.
For the scissors, robot-assisted trials resulted in a
significant decrease in absolute tremor bandpower
(P=.002) and normalized path length (P <.001). For
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Figure 3. Representative process for absolute tremor bandpower calculation. This figure displays representative plots of displacement,
acceleration, and power spectral density (PSD) for absolute bandpower calculation.
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Figure 4. Representative instrument pathing. This graph shows the path of scissors in a left cordectomy. Shading denotes progression over

the course of the procedure (from light start to dark end).

the graspers, there was no significant difference in
absolute tremor bandpower (P =.400), but there was a
significantly lower normalized path length in the robot-
assisted trials (P =.030).

The scissors were further stratified based on experience
level and hand dominance (Figure 6). The resident group
demonstrated a significant reduction in absolute tremor
bandpower (P =.001) when using robot-assisted scissors
compared to freehand scissors. However, the attending
group did not show the same degree of improvement from
freehand to robot-assistance (P =.200). Additionally, both
the attending (P =.040) and resident (P = .010) groups had
a statistically significant decrease in normalized path length
when using robot-assisted scissors compared to frechand
scissors. When examining the effect of hand dominance,
the improvement in absolute tremor bandpower was only
significant in the nondominant hand with the addition of
robotic assistance (P = .020), but not in the dominant hand
(P =.300). However, for normalized path length, both the
dominant (P=.048) and nondominant trials (P =.020)
experienced a significant decrease with the addition of
robotic assistance (Table 1).

When asked about the clinical utility of Galen ES, all
participants reported that they could see a system like
Galen ES assisting with procedures in the foreseeable future

(Supplemental Table S1, available online). Notably, half of
the participants believed that the cooperative control
of Galen ES would be particularly advantageous when
used in the nondominant hand. Half of the participants
also indicated a preference for robot-assistance for the
graspers over scissors. In terms of usability, Galen ES had a
positive reception, with an average rating of 3.7 out of 5.0.
Nonetheless, some concerns were expressed in the partici-
pants’ comments. The most frequently voiced concerns
pertained to diminished haptic feedback and limited
degrees of rotational freedom.

Discussion

This experimental study evaluated the impact of Galen ES
on surgical tremor and tool motion in laryngeal surgery
utilizing a computer vision-based method for automati-
cally tracking surgical instruments on microscopic videos.
In the cordectomy procedure highlighted in this study,
robotic assistance was most likely to reduce tremor when
participants were using scissors, operating with the
nondominant hand, or if they were a trainee.

The economy of motion analysis in our study allowed
for novel quantitative tremor assessments. While other
studies have shown some of the benefits of REMS using
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Figure 5. Freehand versus robot-assisted. Boxplots comparing robot assistance for absolute tremor bandpower and normalized path length.
Rows comprise all data, scissors, and graspers, respectively (dots: mean, *P < .05, **P < .01, **P < .001).

simple simulation models,'*!* our approach expanded on

these findings by adding a quantitative tremor analysis
without any additional hardware. When considering the
impact of the Galen ES version of the REMS system, it is
evident that the robot's assistance led to a reduction in
tremor, regardless of surgical instrument. However, there
was a more pronounced tremor reduction in scissors,
given the baseline discrepancy in freehand tremor between
the 2 instruments. We found that scissors have a higher

baseline amount of tremor and normalized path length in
freehand surgery (without robotic assistance) compared
to graspers (Figure 7); this is expected given that graspers
are often more fixed as retractors during surgery, while
the scissors have relatively more dynamic motion during
cordectomy. Subanalyses of the experience level of the
surgeons revealed that resident surgeons exhibited re-
duced absolute tremor bandpower with robot-assisted
scissors compared to freehand moreso than attending
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Figure 6. Stratified freehand versus robot-assisted analysis. Boxplots comparing robot assistance in scissors for absolute tremor
bandpower, stratified by expertise level and hand dominance (dots: mean, *P <.05, **P < .01, **P <.001).

surgeons. This highlights that the robot may be particu-
larly useful for instrument stabilization for early-career
surgeons and trainees. Subanalyses of the hand dom-
inance also revealed that tremor reduction is more
pronounced in the nondominant hand. This highlights
the fact that Galen ES may be useful to surgeons during
ambidextrous maneuvers, which was supported by sub-
jective survey comments at the end of the study.

There was a decrease in normalized path length with
the use of the robot. Calculated as instrument travel
divided by procedure time, normalized path length is
meant to be an indirect measure of motion economy. The
lower normalized path lengths in the robot-assisted trials
may suggest that robot assistance limited unnecessary
instrument travel. As normalized path length is also
related to average instrument speed, however, it is
possible that the robot may undesirably restrict high-
speed movements, which could ultimately prolong oper-
ating time. This concern was supported by survey results,
in which some participants mentioned difficulty moving
the instruments due to a limited range of motion. This
may be a limitation to the Galen ES, but it is also possible
that increased familiarity with the robot can mitigate
these concerns. While the time to task completion was not
significantly different between freehand and robot-
assisted trials in the present study, the robot's impact on
surgical efficiency should be carefully studied when the

Galen ES is implemented in the operating room. Future
patient-based studies evaluating Galen ES should also
consider other important metrics, such as patient
outcomes.

An intriguing discrepancy arose from the qualitative
feedback: many study participants showed a preference
for robot assistance with graspers over scissors. This is in
contrast to the quantitative data where scissors displayed
a more pronounced reduction in tremor bandpower. This
discrepancy suggests that while users perceive robotic
assistance for graspers to be more beneficial, the objective
data suggests that scissors derive more pronounced
advantages from robotic assistance during routine sur-
gery, particularly given the pronounced tremors in
freehand cutting. This suggests that tremor suppression
may not be the top priority for surgeons. Such insights are
important for those designing surgical robots, as user
feedback should be considered alongside quantitative
advancements.

Computer vision approaches have been pioneered in
other surgical specialties and have several advantages,
including increased objectivity and scalability. Several
researchers have leveraged Deep Neural Networks
(DNNG) to objectively assess surgical skills.'* For example,
Lavanchy et al developed a 3-stage machine learning
algorithm for automating surgical skills assessment in
laparoscopic cholecystectomy videos, achieving an accuracy
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Table 1. Stratified Analyses

Subset of trials Absolute tremor bandpower ((mm/s?)?  Normalized path length (mm/s)
Graspers No robot, N =20 329 (217) 4.25 (1.08)
Robot, N=9 317 (326) 3.31 (0.76)
P value 4 .03*
Graspers—Residents No robot, N=10 261 (149) 4.2 (1.0)
Robot, N=5 416 (411) 3.5 (0.8)
P value >9 3
Graspers—Attendings No robot, N=10 397 (259) 43 (1.2)
Robot, N =4 192 (147) 3.1 (0.7)
P value 397 (259) N
Graspers—Non-Dominant Hand No robot, N=9 431 (239) 5.07 (0.86)
Robot, N=6 414 (367) 3.63 (0.70)
P value 7 .005%*
Graspers—Dominant Hand No robot, N=11 245 (164) 3.6 (0.7)
Robot, N=3 122 (53) 2.7 (0.4)
P value 13 .06
Scissors No robot, N =20 790 (477) 72 (2.1)
Robot, N=9 307 (213) 44 (0.7)
P value .002%* <.00 | #¥*
Scissors—Residents No robot, N=11 832 (490) 6.8 (1.4)
Robot, N =4 185 (26) 4.4 (0.4)
P value .00 ¥ Ol*
Scissors—Attendings No robot, N=9 739 (485) 7.7 (2.8)
Robot, N=5 404 (252) 4.4 (0.9)
P value 2 .04*
Scissors—Non-Dominant Hand No robot, N=8 825 (588) 6.6 (2.2)
Robot, N=6 235 (165) 4.1 (0.5)
P value .020%* .02%
Scissors—Dominant Hand No robot, N =12 767 (415) 7.6 (2.1)
Robot, N=3 450 (259) 5.0 (0.6)
P value 3 .048*

Rank sum test results comparing subsets of steadiness measurements between freehand (“No robot”) and robot-assisted (“Robot”) cases. Cells are populated
with mean (standard deviation).

*P<.05.

P < .0l.

P < 001,

Overall Scissors Graspers

Freshand Fromhanc Freaane
Robot Robet ) Roect

PSO (s
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o ® Py 8 10 1 ] 2 3
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Figure 7. Freehand versus robot-assisted average PSD (power spectral density). Plots comparing average power spectral density in freehand
and robot assistance. Rows comprise all data, scissors, and graspers, respectively.
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of 87% in distinguishing between good and poor surgical
skill levels compared to expert evaluators.'> Most similar to
our study, Conroy et al demonstrated a video-based
surgical skills assessment for laryngeal procedures.'?
However, our methodology offers a few key improvements,
including the use of cadaveric pig larynges instead of an
artificial target and the use of the surgical microscope video
feed instead of additional camera hardware or tracking
equipment.

Our current analysis is grounded in a 2-dimensional
image space, approximated in millimeters. This means that
the tracking framework in the present study could also be
applied to endoscopic and plain video data. Future work
could also utilize the bifocal nature of surgical microscopes
to expand our analysis to a 3-dimensional framework,
providing deeper insights into intricate procedures that
involve significant depth movement.

This study had several limitations. Our instrument
tracking pipeline is contingent upon the quality of
recordings, requiring well-focused and stable footage
devoid of occlusions. Recordings failing to meet these
criteria led to unsuccessful tracking, resulting in the
exclusion of a portion of our dataset (7 out of 36 videos).
Although this exclusion is not inconsequential, the data
derived from the remaining sample were sufficiently
representative and yielded statistically significant results.
However, this reduced sample size limits the general-
izability of our conclusions, and conducting a larger-scale
study could broaden the applicability of our findings.
Furthermore, the nature of the experiments prohibited
blinding participants and creating a placebo condition
with the robot powered off. Finally, the configuration of
the laryngoscope, lack of anatomical structures sur-
rounding the larynx, and simplified procedure task differ
from true operating conditions, so the present findings
may not be generalizable to actual surgery.

Conclusion

Employing a computer vision-based tremor assessment of
microscopic videos, we evaluated the effects of Galen ES
on instrument stability during a cordectomy procedure in
a cadaveric porcine model. Robot assistance reduced the
absolute tremor bandpower, especially for trainee sur-
geons. Further, robot assistance decreased normalized
path length, possibly suggesting improved economy of
motion. The findings of this study demonstrate the
potential of Galen ES to bridge gaps in experience,
handedness and dexterity. Future applications include
using the assessment methodology to offer constructive
feedback to surgeons-in-training and further improving
intraoperative performance and usability of Galen ES.
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