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Tool-Tissue Forces in Hemangioblastoma Surgery
Abdulrahman Albakr’®, Amir Baghdadi’, Rahul Singh™?, Sanju Lama’, Garnette R. Sutherland’

OBJECTIVE: Surgical resection of intracranial heman-
gioblastoma poses technical challenges that may be
difficult to impart to trainees. Here, we introduce knowl-
edge of tool-tissue forces in Newton (N), observed during
hemangioblastoma surgery.

METHODS: Seven surgeons (2 groups: trainees and
mentor), with mentor (n = 1) and trainees (n = 6, PGY 1-6
including clinical fellowship), participated in 6 intracranial
hemangioblastoma surgeries. Using sensorized bipolar
forceps, we evaluated tool-tissue force profiles of 5 pre-
determined surgical tasks: 1) dissection, 2) coagulation, 3)
retracting, 4) pulling, and 5) manipulating. Force profile for
each trial included force duration, average, maximum,
minimum, range, standard deviation (SD), and correlation
coefficient. Force errors including unsuccessful trial
bleeding or incomplete were compared between surgeons
and with successful trials.

RESULTS: Force data from 718 trials were collected. The
mean (standard deviation) of force used in all surgical
tasks and across all surgical levels was 0.20 + 0.17 N. The
forces exerted by trainee surgeons were significantly
lower than those of the mentor (0.15 vs. 0.24; P < 0.0001). A
total of 18 (4.5%) trials were unsuccessful, 4 of them being
unsuccessful trial —bleeding and the rest, unsuccessful
trial—incomplete. The force in unsuccessful trial—bleeding
was higher than successful trials (0.3 [0.09] vs. 0.17 [0.11];
P = 0.0401). Toward the end of surgery, higher force was
observed (0.17 vs. 0.20; P < 0.0001).

CONCLUSIONS: The quantification of tool-tissue forces
during hemangioblastoma surgery with feedback to the

surgeon, could well enhance surgical training and allow
avoidance of bleeding associated with high force error.

INTRODUCTION

emangioblastoma is a highly vascular and benign
H neoplasm accounting for approximately 2% of primary

central nervous system neoplasms.” Patients typically
present with mass effects from tumor growth, cyst formation,
and/or edema.” Microsurgical resection remains the mainstay
treatment and is generally curative.” However, the vascularity,
intimate association with neighboring cerebrovascular structures,
and often deep location add technical difficulty to microsurgical
resection and mentor trainees. This is particularly true for solid
hemangioblastoma because of its arteriovenous malformation
(AVM)-like  architecture presenting a unique operative
challenge,®” with early studies reporting surgical death and poor
outcome in 50% of patients.® Surgical principles, unchanged since
the early description by Cushing in 1928,° include optimal
pathway, panoramic exposure, gentle devascularization,
preservation of draining veins until complete devascularization,
and en-bloc removal.> Knowledge of tool-tissue force for gentle
dissection or ideal force exertion thereof remains largely
unknown.

Understanding the forces required for tissue handling in
neurosurgery is essential to accomplish a task efficiently and
safely.””"™ Inappropriate use of force in such vascular lesions may
result in bleeding and/or failure to complete the task. Surgical
simulation has shown that >50% of errors by trainees are attrib-
uted to use of excessive force.”® Furthermore, surgical training
continues to be based on an apprenticeship model in which an
experienced surgeon provides subjective and qualitative
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performance feedback to the trainee. In this paradigm, it is often
challenging to instruct trainees on the appropriate amount of force
required when dissecting or coagulating the fragile vessels of
hemangioblastoma. Using a sensorized surgical bipolar forceps
with intelligent software interface, the SmartForceps System, we
showed in brain AVM surgery that coagulating feeding/draining
vessels with a force >0.46 N was associated with bleeding.”* It
is hypothesized that surgical excision of hemangioblastomas
may follow similar principles as that of AVM surgery, whereby a
meticulous approach to fragile vessels is crucial to achieving a
surgical objective.

The intraoperative quantification of force profile may also
improve surgical education and safety during surgery.”">™ To
date, knowledge of ideal forces required for hemangioblastoma
dissection has not been quantified or analyzed with respect to
surgical performance and education. Hence the present study in-
terrogates these forces comparing force profiles of trainees with
those of the mentor surgeon.

METHODS

Force-Sensing Bipolar Forceps

The SmartForceps System allows real-time intraoperative display
and quantification of tool-tissue forces during surgery (Figure 1).
Previous publications have documented the technology features,
current use, and its potentials.”»"* Briefly, the technology
developed at Project neuroArm—University of Calgary, approach-
ing commercialization stage (manufacturing collaboration be-
tween OrbSurgical Ltd., Calgary AB, Canada, and Giinter Bissinger
Medizintechnik GmbH, Teningen, Germany), is equipped with a
strain gauge sensor on each prong (capable of measuring the
forces during the opening, closing, and along the sides of each
prong), transmitting sensor signals to a custom-built signal con-
ditioning unit whereby analog to digital signal conversion is per-
formed. Force data are displayed via an intelligent operating room
(OR) software interface. The data are analyzed through a custom-
built framework hosted on a cloud platform (Microsoft Azure,
Microsoft Redmond, Washington, USA). This data-rich environ-
ment also allowed development of machine learning algorithms
for task-specific force pattern recognition, automated cloud
computing, and analytics and performance report generation
through a secure application accessible via smartphone or web-
based portal (Figures 2 and 3).

This study was approved by the Conjoint Health Research and
Ethics Board of the University of Calgary (REB 19-0114). Approval,
per study protocol, included a waiver of written consent.
Furthermore, the technology has received Health Canada Class II
Device ITA approval (Approval # 329641) with an FDA s510(k)
application in place.

Patients and Surgeons

Six patients who underwent surgical resection of intracranial
hemangioblastoma between October 2019 and June 2021 using the
SmartForceps System were included, with the senior author
(G.R.S.) as mentoring staff. We prospectively recorded the
following data for all patients: demographics (age, sex); presen-
tation; tumor type (with or without cystic component); previous
surgery; histopathology; length of hospital stay; follow-up data;

Figure 1. The SmartForceps, a force-sensing bipolar forceps, with strain
gauge sensor installed on each prong, before coating/insulation (arrow,
conduits and connector for cable from each sensor).

and complications. Seven surgeons (2 groups: trainees and
mentor) participated in the study, with the mentor (n = 1, 20+
years of experience) and trainees (n = 6, PGY [1-6] including
clinical fellowship).

Surgical Tasks and Data Collection

The SmartForceps System was used to record the force profile of 5
predetermined surgical tasks: 1) dissection (cutting or separation
of tissues), 2) coagulation (cessation of blood loss or interrupting
the flow of a vessel), 3) retraction (grasping and retaining tissue
for exposure), 4) pulling (moving and retaining tissues in 1 di-
rection), and 5) manipulation (moving Surgicel [Ethicon, Somer-
ville, New Jersey, USA] gelfoam, or neuropatties). In each surgery,
surgical tasks were performed by the mentor assisted by a trainee
surgeon. During technology integration in the first hemangio-
blastoma procedure, the forceps was equipped with a double tap
feature, which enabled turning on/off the force data recording at
double tapping of the forceps tips (open-close twice). During
postprocessing of this 12-hour procedure (Figure 4), we noted that
the double tap feature was frequently performed accidentally
throughout the case. This resulted in multiple time gaps devoid
of force data recoding. Therefore segments of this time series
data could not be standardized for planned input into our
machine learning model such that the data had to be excluded.
Accordingly, for subsequent cases, we disabled the double tap
feature allowing continuous recoding of force data and isolated
the data such that each segment was labeled and hence used to
input into the machine learning model. Using surgeons’ voice
recordings, the force data recording process started with the
surgeon stating task name and structure being maneuvered, and
the stop time was when the forceps tips were no longer in
contact with the tissue. In addition, the microscope video
recording of the surgical field provided post-hoc validation for
data labeling and task assessment. The force segments contain a
timestamp, surgeon and trainee level, and surgical task
performed.

Force Data Analysis and Rating of Trials

For all trials, force data were analyzed for average, maximum,
minimum, range, median, duration, standard deviation (SD),
and coefficient of variation. To avoid inclusion of baseline noise
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Figure 2. The SmartForceps System: example of
simulated coagulation task with the force in Newton
displayed on the screen (circle, bottom left). Data
upload to the cloud, undergoing analytics including
machine learning and transfer into the mobile
application (merged circles, top). Performance

feedback/reporting back to surgeon on a secure
mobile application (circle, bottom right). Visualization
was created in Microsoft Powerpoint version 16.49
with the icons obtained from a Google search, e.g.
https://www.iconfinder.com.

data or outliers, data segments that were visually an outlier in the
distribution and profile aggregation graphs were removed. This
included task segment data with low frequency in their quantity
(e.g., high forces associated with cleaning forceps tips). To
mitigate for force drift accumulation over time and curing the
out-of-expectation force recordings (i.e., the coagulation force is
expected to be positive and dissection force to be negative), a
task-specific force data reconditioning mechanism was imple-
mented. This shifted the dissection force segment values to
below zero, followed by obtaining the absolute forces and the
coagulation force values to above zero threshold. Any unex-
pected maneuvers, such as tool-tip contact with bone, another
tool, or surface, were excluded from the analysis. A successful trial
was defined as coagulation and dissection of the tumor or tumor
vessels without bleeding or the need to repeat the task.

Otherwise, a task that resulted in bleeding was considered un-
successful trial—bleeding and a task that required repeating the
maneuver, unsuccessful trial—incomplete. We have previously
defined unsuccessful trial—bleeding as high force error and low force
error  for unsuccessful trial—incomplete.”® Trials with
inadequately visualized tasks due to lack of focus or a
microscope camera out of the field were excluded from the
analysis.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism g.2.0
(GraphPad Software Inc., San Diego, California, USA). Compari-
son between 2 groups was performed using the Mann—Whitney
test and for more than 2 groups, the Kruskal—Wallis test fol-
lowed by the Dunn multiple comparison test. Descriptive statistics
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Figure 3. (A) Aggregative distribution for the
range of force application in mentor (green)
and trainee (purple) surgeons across
multiple tasks during hemangioblastoma
surgery. Please refer to our supplementary
document at https://smartforceps.github.io/
hemangioblastoma-supplementary/ for the
full interactive graphics containing overlaid
segments of force profiles and various
force-derived features. (B) SmartForceps
Data Analytics Dashboard in Surgeon view
(secure App). The figure shows the trainee
surgeon (purple) performance over a single
case compared with the overall
performance of the mentor (mean indicated
as red mark and SD as green area). In this
graph, the trainee surgeon gauge bar starts

Rango o Forcos (V) for

from zero as the baseline to reach the
mentor level values denoted by a red bar
and green area. The average completion
time for the trainee surgeon was 5.3
seconds lower than the average of mentor
surgeon (gauge chart, left top). The average
force range for the trainee surgeon was 0.
19 N lower than the average of the mentor
surgeon (gauge chart, right top). The
average variability index for the trainee
surgeon was 0.19 unit higher than the
average of mentor surgeon (gauge chart,
left bottom). The average uncertainty index
(level of entropy in time series data) for the
trainee was 0.06 unit higher than the
average of mentor (gauge chart, right
bottom).
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Figure 4. Coronal (A) and axial (B) T1-weighted
gadolinium-enhanced magnetic resonance imaging
showing a giant, sold cerebellar hemangioblastoma

with multiple feeders. (C and D) Intraoperative
microscopic views showing a large venous drainer and
attempt of clipping a feeder vessel.

(mean =+ standard deviation, force duration, maximum, mini-
mum, range, and coefficient of variation) were determined. Sta-
tistical significance was set at P < 0.05.

RESULTS

Study Participants

Six patients, all males, with a mean age of 48 years (range: 41—69
years) were included, 1 of which was excluded from data analysis
(see Figure 4). All tumors were located in the cerebellum and
harbored a cystic component. Complete resection was achieved
in all patients. No intraoperative or postoperative complications
occurred. Headache and vertigo were the most common
presenting symptoms. The median follow-up duration after sur-
gery was 10.2 months (range: 2—18 months).

Force Profile of All Surgeons

Force data from 718 trials were collected, of which 452 were
recorded from the mentor surgeon. There were 645 coagulation
trials (mentor: 43s; trainees: 210), 16 for manipulation (mentor:
16; trainee: o), 6 for pulling task (mentor: 3; trainee: 3), 41 for
dissection (mentor: 11; trainee: 30), and 10 for retraction (mentor:
3; trainee: 7). The mean force duration in coagulation was 14.4
seconds, which was almost twice the average completion time of
other tasks; the task completion duration times for dissecting,
manipulation, retracting, and pulling were 8.6, 7.9, 5.2, and 4.3
seconds, respectively. The mean (standard deviation) of force used
in all surgical tasks and across all surgical levels was 0.20 + 0.17
N. Of all the tasks, dissection required the least amount of force,
which was significantly lower than manipulation and pulling (0.14
[0.08] vs. 0.62 [0.30] and 0.36 [0.03]; P < 0.0001). The means
(SD) of force during coagulation and retraction were 0.2 (0.16) and
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Table 1. Mentor Surgeon Force Profile During

Hemangioblastoma Surgery

Force
Surgical Task Mean (Standard Deviation), Number
Coagulation 0.22 (0.14)
Galea 0.50 (0.24)
Pia-arachnoid 0.26 (0.12)
Brain 0.20 (0.16)
Tumor 0.24 (0.11)
Vessel 0.21 (0.13)
Dissecting 0.15 (0.06)
Manipulating 0.62 (0.30)
Pulling 0.35 (0.01)
Retracting 0.14 (0.04)

0.17 (0.16) N, respectively. The forces so exerted varied across
surgical tasks and the location of the tissue (intracranial vs.
extracranial). Extracranial coagulation tasks showed usage of
higher forces than intracranial tasks (o0.19 vs. 0.62; P < 0.0001).
The force profile readings across 10 tasks performed by the mentor
surgeon are listed in Table 1. For all surgical tasks, the forces
exerted by trainee surgeons were significantly lower than those
by the mentor (0.15 vs. 0.24; P < o0.0001). For tumor
coagulation, trainees used lower forces than the mentor (0.13 vs.
0.22; P < o0.0001). Overall force variability decreased with
experience, from trainee (0.63) to mentor (0.56) surgeons. An
aggregative distribution for the range of force application and
performance comparison between mentor and trainee surgeons
is presented in (see Figure 3). Furthermore, trainees had a
slightly larger variation of force exertion, indicating inconsistent
performance during different tasks; however, the mentor
surgeon was more consistent with the amount of force used
(Figure 5A and B). Task completion time was similar in both
groups. The relationship between surgical time and force profile
was also recognized with surgeons using higher force toward
the end of tumor resection (0.17 vs. 0.20; P < 0.0001).

Task Performance Evaluation

A total of 18 (4.5%) unsuccessful trials were identified, 4 of which
were unsuccessful trial—bleeding and the rest were unsuccessful
trial—incomplete. Unsuccessful trial—bleeding was observed for
only the mentor surgeon. Unsuccessful trial—incomplete occurred
among trainee surgeons, except for 1 by the mentor. Compared
with successful trials, the force in unsuccessful trial—bleeding was
higher (0.3 [0.09] vs. 0.17 [0.11]; P = 0.0401). The force in the
unsuccessful trial—incomplete was lower than that in successful
trials; however, the difference was not statistically significant (o0.12
[0.06] vs. 0.17 [0.11]; P = 0.3130). Moreover, the applied force was
higher in unsuccessful trial—bleeding than in incomplete trials
(0.3 [0.09] vs. 0.12 [0.06]; P = 0.0089, see Figure 5C and D). A

video illustration of unsuccessful trial—bleeding is provided
(Video 1); the mean force during that particular task was 0.26 N.

DISCUSSION

This study presents tool-tissue interaction forces during heman-
gioblastoma surgery, documenting the nuances of real-time forces
in the surgical excision of this complex, relatively uncommon
tumor. Force profiles during the execution of different surgical
tasks, error rate relative to the force applied, and a comparison
between force profiles of trainees and the mentor surgeon have
been highlighted. Although existing methods of force evaluation
in neurosurgery have been primarily based on surgical models,
cadavers, and virtual reality (VR) simulation technology, these
studies have limited realism as surgeon physiological and psy-
chological stress associated with surgery may be less or absent. In
addition, factors contributing to the physical properties of the
brain (vascularity and cerebrospinal fluid), render them less real-
istic surgical scenarios and less ideal techniques for assess-
ment."”” > While using the same technology, our team has
previously documented force profile among patients with different
neurosurgical pathologies which also included a few patients with
hemangioblastoma,> ™™ this study exclusively evaluates data
from hemangioblastoma.

The mean force applied in hemangioblastoma surgery for
various surgical tasks and tumor coagulation alone was 0.2 N. The
range of forces here was lower than those previously reported by
our group during the intraoperative force evaluation of different
neurosurgical pathologies,” but higher than those for brain
tumors using VR simulation.”” Interestingly, it was however
comparable to that of brain AVM surgery.” Using a VR
simulator system, NeuroVR, the force applied during the
resection of brain tumors with different stiffness (soft, medium,
and hard [Young’s modulus]) was quantified and compared
between expert surgeons, senior residents, and junior
residents.”” In their study, mean and maximum forces by the
expert surgeons were higher than those by the senior residents;
however, both groups exerted far less force than the junior
residents; the mean maximum forces applied by expert
surgeons, senior residents, and junior residents were o.15 +
0.05, 0.4 + 0.02, 0.20 + o0.10 N, respectively."” Another VR
study from the same group found that expert surgeons applied
lower forces during the resection of brain tumors followed by
residents and medical students.”® Unlike our previous reports
using the SmartForceps System and the VR studies by
others,”"#*>*»>3 the trainees in the current study applied
significantly lower forces than those by the mentor, particularly
during the coagulation of feeder/drainers. We have also
observed a similar finding during the dissection task in glioma
surgery (unpublished data), concluding that this may reflect
hesitancy eminent in trainees in their inherent tendency toward
use of low force to avoid bleeding or tissue injury. In contrast,
as VR observations lack a true clinical setting, trainees may
appear more comfortable with the force applied or may
unintentionally apply undue force, knowing that these tasks are
performed in a risk-free environment. The present study con-
firms previous reports that force variability decreases with expe-
rience.>"+>* Experienced surgeons are likely to use a consistent
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Figure 5. Representation of force data. Force data from
the mentor (A) and a trainee (B) surgeon during
extracranial coagulation task in the same patient. Unlike
the trainee, the mentor applied consistent force during
the entire task. Force in successful and unsuccessful
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trials (C). Force among surgeon groups during tumor
coagulation. In C and D, the horizontal lines within the
error bars represent the mean force values; and the
error bars, standard deviations. ¢, P < 0.05.

amount of force to complete a given task and support the idea of
psychomotor skills script that experienced surgeons gain with
time.**

Here we also demonstrate difference in error rate relative to the
force profile. Our findings support the relationship between force
values and error type (high force error vs. low force error) and the
tendency of trainees to repeat the tasks and apply low force to
avoid bleeding and tissue injury. One of the main challenges
during the resection of hemangioblastoma is the numerous fragile
small feeding and draining vessels, necessitating meticulous use
of bipolar forceps to avoid unnecessary bleeding.>*> Indeed, the
forces required to successfully coagulate the small
hemangioblastoma vessels were surprisingly low (0.17 N),
indicating the importance of gentle force at the tool tip. The
inclination of the mentor surgeon to high force exertion,
primarily observed toward the end of procedure, may be related
to surgeon fatigue, narrow surgical corridor, or increasing
difficulty.” On the basis of the aforementioned results, error
analysis may be a valuable tool for objective assessment of
surgical performance.

The SmartForceps System is the only available surgical tool that
allows real-time, intraoperative objective assessment of surgical
performance and tool-tissue interaction forces, With the

incorporation of data science and artificial intelligence, sensory
data obtained from this technology can be extracted for rigorous,
in-depth analyses. Accordingly, secure data streams and pattern
recognition pipelines for surgical skill evaluation models can be
custom tailored and extrapolated to other surgical pathologies.
Such granular and feature-inclusive machine learning modeling
enables surgeons and trainees to receive and review their perfor-
mance report via secure mobile applications, quantified for sur-
gical finesse and progress tracking.'* Indeed, such a feature
immediately made available to each surgeon or trainee delivers
objective performance metrics in a personalized, secure, and
nonintimidating fashion through mobile applications.

Limitations

Despite the novelty and measurable differences observed, the
current study is limited by the number of patients with data from a
single mentor surgeon. Increasing data from a large number of
patients, surgeons, and sites could well provide a more robust
comparison and refined conclusions. Another limitation is the
unavoidable selection bias in surgery, reflecting a real-world sce-
nario whereby the mentor surgeon routinely takes over the com-
plex part of the surgery (particularly so for hemangioblastoma),
thus undermining the difference between mentor and trainee.
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CONCLUSION

The current study is the first report that specifically interrogates
tool-tissue forces during the performance of hemangioblastoma
surgery in real time. While early, the technology and study offer
surgeons and trainees with modern learning modules accessible in
personalized devices—a comfortable medium for tracking self-
competency and proficiency.
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