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Abstract

Background—Quantitative analysis of technical skill relies largely on specially-tagged
instruments or tracers on surgeons’ hands, often in simulated settings. We investigated a novel,
marker-less technique for evaluating technical skill during open surgeries, and differentiating tasks
and surgeon experience level.

Methods—We recorded the operative field via in-light camera for open operations. Sixteen cases
yielded 138 video clips of suturing and tying tasks =5 seconds in length. Video clips were
categorized based on surgeon role (attending, resident) and task sub-type (suturing tasks: Body
Wall, Bowel Anastomosis, Complex Anastomosis; tying tasks: Body Wall, Superficial Tying;
Deep Tying). We tracked a region of interest on the hand to generate kinematic data. Nested multi-
level modeling addressed the non-independence of clips obtained from the same surgeon.

Results—Interaction effects for suturing tasks were seen between role and task categories for
average speed (p=0.04), standard deviation of speed (p=0.05), and average acceleration (p=0.03).
There were significant differences across task categories for standard deviation of acceleration
(p=0.02). Significant differences for tying tasks across task categories were observed for

Corresponding Author: Caprice Greenberg, 600 Highland Avenue, BX 7375 Clinical Science Center, Madison, W1 53792-3284,
Phone: 608-262-0395, Fax: 608-263-2354.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial Disclosures:

Caprice Greenberg serves as a consultant for Johnson & Johnson’s Human Performance Institute. Multimedia Video Task
Analysis(TM) and MVTA(TM) are registered trademarks of the Wisconsin Alumni Research Foundation at the University of
Wisconsin-Madison. The software was developed in the laboratory of Dr. Robert Radwin sponsored by donations and gifts of
industrial and government members of the Ergonomics Analysis and Design Consortium.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frasier et al. Page 2

maximum speed (p=0.02), standard deviation of speed (0.04), and average (p=0.02), maximum
(p<0.01), and standard deviation (p=0.03) of acceleration.

Conclusions—We demonstrated the ability to detect kinematic differences in performance using
marker-less tracking during open surgical cases. Suturing task evaluation was most sensitive to
differences in surgeon role and task category and may represent a scalable approach to provide
quantitative feedback to surgeons about technical skill.

Introduction

Like all physicians, surgeons must develop clinical knowledge and the ability to make sound
medical decisions, but they must also develop the technical skills needed to operate. There is
ongoing interest in measuring surgical technical performance, especially after Birkmeyer
and colleagues demonstrated that surgeons with the best technical skills, as rated by their
peers, had the lowest rates of patient complications following bariatric surgery. 1 Because
technical errors, defined as an error of manual technique that occurs during an operation,
compose nearly 75% of the adverse events related to surgery, 2-> measuring surgical
technical skill is a vital step toward reducing adverse events and improving patient
outcomes.

Birkmeyer’s approach evaluated the technical skill of surgeons using a global rating scale.
These types of subjective assessment measures are common, but suffer from variability
between raters and require significant time investment from the raters, limiting scalability.
Early approaches to objective measurement of surgical technical skill centered on dexterity
analysis systems -8 using sensors mounted on the hands or on special instruments 914
which provided quantitative output such as path length, time taken, force/torque ratios, and
the number of movements needed to complete a given task. The use of these specialized
measurement systems has largely limited this work to benchtop assessment and simulated
operative cases.

While this work has advanced our understanding and assessment of the psychomotor
properties of surgical technical skill, these methods have limited generalizability outside of
academic institutions and simulation settings, and are not easily applied to the analysis of
actual, open surgery. A review by Reiley et al (2011) found that the majority of quantitative
assessment systems for surgical technical skills were limited to simulated environments
and/or minimally invasive approaches due to the inability to effectively track surgeons’
hands in a sterile environment. 7 Similarly, a 2014 review of vascular surgery skill
assessment by Mitchell et al found that objective measures of technical skill were obtained
in simulated settings or limited to metrics such as procedure time. 1> More recently, Duran et
al. describe the development and validation of the Fundamentals of Endovascular Surgery
assessment tool, which uses global rating scales, error metric assessment, and position and
movement of an endovascular catheter tip in a simulated model.16

Novel marker-less video tracking methods based on cross correlation template-matching
algorithms were developed in our co-author’s lab (Radwin) by Chen et. al,1” to trace the
trajectory of a selected region of interest over successive video frames. This algorithm has
been adjusted to account for challenging video conditions, including poor lighting or
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resolution and blurred motion. We evaluated whether the marker-less video tracking system
could be used to determine motion kinetics associated with various surgical technical tasks,
and could measure the differences in performance between surgeons of varying skill levels.

Methods

Case Selection

After approval from our institutional review board, the inpatient operating room schedule
was screened for eligible cases. These included open colorectal, complex upper
gastrointestinal, hepatobiliary, surgical oncology, transplant, vascular, thoracic, and cardiac
operations, scheduled in an OR equipped with the necessary video recording equipment.
Emergency cases, cases not requiring general anesthesia, and those performed after hours
and on weekends were excluded.

Attending surgeons for eligible cases were contacted about possible participation. If they
were agreeable, written informed consent was obtained. Once the attending surgeon
consented, the participating surgical resident was also approached about participation, with
written informed consent obtained prior to case recording. Residents from any post-graduate
year (PGY) were eligible for participation; ultimately, residents from the PGY 3 and 5
classes were approached on a case-by-case basis as they most commonly assisted the
surgical attendings for the types of cases targeted for recording. If the surgical resident
declined to participate, recording proceeded, but only the surgical attending’s hands were
analyzed. For future eligible cases involving surgeon(s) who had already consented to
participate, electronic or verbal confirmation of continued involvement was obtained for
each case.

Data Collection

When an approved case began, the research team remotely activated recording of the OR’s
in-light camera, which streams to a secure hospital computer enabled with an AXIS video
encoder (Axis Communications, Lund Sweden). This method of recording was chosen as in-
light cameras are already available, require no additional equipment to be added to the room,
potentially impacting workflow and personnel movement, and introduce no risk of
contaminating the sterile field as would be possible with a pole-mounted or head-mounted
cameras or video glasses. Since the objective of this work is to evaluate the feasibility of a
scalable, automated assessment, we chose to demonstrate feasibility using technology that
already exists in increasing numbers of operating rooms and would not require any
additional work on the part of the operative team. Since the in-light camera only captured
the operative field without audio, no patient details or protected health information was ever
recorded, and the patient’s identity was not visible in the video recording. Likewise, no
members of the operative team other than the surgeon(s) were ever visible via the in-light
camera and no audio was recorded. The institution’s standard surgical consent form contains
language providing consent for filming and recording for the purposes of performance
improvement, education, and research. Therefore, written informed consent was not
obtained other members of the operating room team, and no additional consent was required
from the patient. At the conclusion of each case, participating surgeon(s) completed a
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questionnaire which included information such as the operation performed, role of the
participant (attending versus resident), dominant hand, and location of the participant
throughout the case relative to the patient. An estimated twenty cases were needed to
demonstrate feasibility; twenty-two cases were recorded, capturing footage from ten
surgeons (six attendings, four residents).

Data Analysis

Operative cases were then evaluated using Multimedia Video Task Analysis (MVTA)™
software (Wisconsin Alumni Research Foundation, Madison, WI), developed in our co-
author’s lab (Radwin) for conducting human factors time studies of video recordings. In
MVTA, categories of interest, called records, are created by the user and listed along the left
side of the analysis window (Figure 1). Each record can contain multiple events, also created
by the user and seen along the right side of the analysis window, which can be marked
whenever they occur. Each record was defined to house all events for either the attending or
resident surgeon. We created events for suturing and tying surgical tasks and identified when
surgeon participants were performing one of these tasks. To ensure that surgeons’ hands
were attributed to the correct participant, these clips were identified by a member of the
research team who is a general surgery resident and familiar with the operating room and
procedures being performed (LLF). The entire operation was scanned for clips, and changes
in surgeon positioning were easily identified using context clues such as the position and
appearance of the surgeons’ heads. Figure 1 presents a screen shot of a resident surgeon
performing a suturing task. To ensure that clips captured a reasonable fraction of a given
task, analysis was limited to clips >5 seconds in length for which the surgeons’ hands were
clearly visible. This eliminated 42 clips (35 due to inadequate task clip length and 7 due to
occlusion of view of the hand) resulting in 138 usable clips from 14 separate operations.

Marker-less tracking software tracked a region of interest (ROI) on the surgeon’s hands over
successive video frames in each clip. ldentification of a ROl on a surgeon’s dominant hand
can be seen in Figure 2. Our group has previously used marker-less tracking software to
evaluate descriptive statistics of dominant vs non-dominant hand movement during
reduction mammoplasty operations.18 A unique ROI was defined at the start of every video
clip, identifying a portion of the hand (generally the index finger or thumb) that remained in
view for the entire clip. Because kinematic data are obtained by measuring the changes in
the ROI over time, the actual location of the ROI does not matter as long as it follows the
hand throughout a clip. The position, speed, and acceleration of the ROI for each clip were
quantified across successive frames. Each video was recorded at 30 frames per second.
Because of varied positioning of the in-light camera throughout an operation, the videos
could not be distance calibrated. To address this, in-frame video pixel measurements of the
surgeon hand breadth were used to calibrate the kinematic record of each clip. Hand
dimensions have been shown to provide acceptable calibration for hand speed estimates 19
and the proximal interphalangeal joint breadth was scaled to the population means of males
(23.0 mm) or females (19.9 mm), depending on the gender of the surgeon. Proximal
interphalangeal joint breadth was used because of its small coefficient of variation of 0.071
for males and 0.064 for females, based on anthropomorphic measurements from the US
Army. 20 Surgeon hand measurements in pixels were averaged across three frames for each
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video clip; these calibration measurements were averaged for every unique camera-surgeon
position relationship. Pixel-millimeter calibrations were re-calculated for every time the
camera or patient moved positions. The accuracy of measurement was limited by the size of
each pixel in the video frame.

Prior research has demonstrated the sensitivity of suturing 9 11.12. 21 and tying 11 tasks in
differentiating skill level during open benchtop assessments. Initial exploration of our data
confirmed these findings, as attending surgeons had higher observed mean speed and
acceleration measures for both suturing and tying tasks. However, on initial analysis we
recognized the potential for significant confounding by depth and tissue type. In review of
the literature, we identified recent work that similarly demonstrated varying kinematics
when participants performed interrupted suture tasks on a variable tissue simulator.
Specifically, on a model simulating friable tissue, participants had significantly increased
idle time, 22 suture time, and path length 23 compared to arterial or fascial tissue models.

For these reasons, we further classified each suturing and tying task video clip into one of
three task categories. This was performed by a member of the research team familiar with
surgical technical tasks (LLF). Suturing tasks were categorized as S1: Body Wall (including
skin or fascial closure, suturing on hernia mesh, and/or sewing in surgical lines and drains;
n=28); S2: Bowel Anastomosis (which included maturation of an ostomy at the level of the
skin; n=20); and S3: Complex Anastomaosis (which included non-bowel intra-abdominal
anastomoses including hepatobiliary and vascular anastomoses; n=12). Tying tasks were
categorized as T1: Body Wall (including skin or fascial closure, tying of hernia mesh, and/or
tying surgical lines and drains; n=20); T2: Superficial Tying (including tying of
subcutaneous and superficial peritoneal and thoracic structures and ostomy maturation;
n=46); and T3: Deep Tying (which included retroperitoneal and deep intra-abdominal and
thoracic structures; n=12). These categories roughly correlated with increasing complexity,
and separated tasks based on the primary tissue being manipulated. We hypothesized that
motion kinematics would demonstrate significant differences when working with different
tissues or completing more versus less complex components of an operation.

The average, maximum and standard deviation of calibrated speed and acceleration
measures were then analyzed using SAS version 9.4 mixed procedure (SAS Institute Inc.,
Cary, NC). To account for the non-independence of multiple video clips utilized from the
same case, and multiple cases obtained from the same surgeon, three-level nested models
were applied. Data were compared across surgeon role (attending versus resident) and across
task category. Initially, a two-factor model was tested using main effects for surgeon role and
task category as well as an interaction effect between the two. If the interaction effect was
not statistically significant, the interaction term was excluded and a second two-factor model
was tested using only the main effects (surgeon role and task category). Ad hoc pairwise
comparisons were performed for a significant interaction or task category main effect. The
Tukey-Kramer test was used to control for the inflation of type | error rate associated with
multiple comparisons. Given no theoretical hypothesis on the direction of the comparisons,
two-tailed tests were adopted.
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Twenty-two cases were initially recorded. Recorded cases represented a broad spectrum of
surgical operations and included open hernia repair, complex colorectal, hepatobiliary,
surgical oncology, and thoracic cases. Of these, 16 yielded a total of 138 usable clips from 6
attendings and 3 residents. Videos were excluded due to lack of visible suturing and tying
clips of suitable length (n=5) or poor visual quality (n=3). The number of cases recorded and
clips obtained for each surgical task for attending and resident participants are listed in Table
1. The number of cases recorded and clips obtained for individual surgeon participants,
ranging from 1-5 cases, are shown in Table 2.

Observed Means: Suturing

Sixty suturing clips were analyzed. Observed means are summarized in Table 3. Attending
surgeons had higher means for all kinematic measures evaluated overall. When assessed for
each task separately, this finding persisted for S1 (Body Wall) and S3 (Complex
Anastomosis), but not for S2 (Bowel Anastomosis) tasks. When evaluating suturing
categories, S1 tasks tended to have higher means overall than S2 or S3 tasks; however, this
pattern did not persist when attending and resident surgeons were evaluated as separate
groups.

Observed Means: Tying

Seventy-eight tying tasks were evaluated, with observed means summarized in Table 4.
When tying tasks were assessed overall, attending surgeons demonstrated higher means
across all measures. T1 (Body Wall) tasks had higher observed means than T2 (Superficial
Tying), and T2 had higher observed means than T3 (Deep Tying) tasks for all kinematic
measures except maximum acceleration when assessed overall; however, this pattern did not
persist when attending and resident surgeons were evaluated independently. When task
category was also assessed by role, attending surgeons demonstrated higher means for all
kinematic measures for T2 and T3 tasks, but lower means for all measures of T1 tasks
compared to residents.

Model 1: Predicted Main Effects with Inclusion of an Interaction Effect

Interaction effects in the nesting model (Table 5) for suturing tasks were seen for several
measures related to speed and acceleration, including average speed (p=0.04), standard
deviation of speed (p=0.05) and average acceleration (p=0.03). When comparing suturing
tasks, attending surgeons had significantly higher average speed, standard deviation of
speed, and average acceleration for S1 (Body Wall) compared to S2 (Bowel Anastomosis)
tasks (p<0.01, p=0.04, and <0.01, respectively). Additionally, attending surgeons had
significant higher average speed (p<0.01) and acceleration (p<0.01) for S1 compared to S3
(Complex Anastomosis) tasks. These differences were not seen for resident comparisons.
Additionally, when performing S2 tasks, attending surgeons had significantly higher average
speed (p=0.03), standard deviation of speed (p=0.05), and average acceleration (p=0.03)
compared to residents. No differences between attending and resident surgeons were seen
for S2 or S3 tasks). Significant suturing comparisons are displayed in Figure 3.
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For tying tasks, no interaction effects were identified for any measure evaluated. In other
words, while observed means for kinematics were different between attendings and
residents, including several T1 (Body Wall) tasks in which attendings had lower mean
kinematic measures compared to residents, these were not statistically significant. Figure 4
displays significant tying comparisons.

Model 2: Predicted Main Effects without an Interaction Effect

In the absence of interaction effects, the remaining kinematic measures were evaluated using
a two-factor model (role and task category, Table 6). As interaction effects were previously
identified for several suturing measures, results from the two-factor model are not reported
for these measures, as they should not be interpreted under these conditions.

For suturing tasks, attending surgeons were not consistently different than residents for
average speed, average acceleration, or standard deviation of acceleration. However, when
comparing task categories, S1 (Body Wall) had higher standard deviation of acceleration
compared to S3 (Complex Anastomosis) tasks (p=0.04).

For tying tasks, there were no significant differences between attending and resident
surgeons for any kinematic measure. However, we did identify differences between task
categories: T1 tasks had significantly higher predicted maximum acceleration compared to
T2 tasks (p<0.01) and significantly higher predicted maximum speed, standard deviation of
speed, average and maximum acceleration, and standard deviation of acceleration compared
to T3 tasks (p = 0.03, 0.05, 0.02, 0.2, and 0.03, respectively).

Discussion

This study has demonstrated the feasibility of obtaining kinematic data for two common
surgical tasks during open surgery, without the necessity of specialized tracking devices or
limiting analysis to laparoscopic cases. Previous work evaluating descriptive differences in
dominant versus non-dominant hand movements in attending surgeons versus residents 18
demonstrated the feasibility of this approach for open surgical cases. Here, we have
extended this work and sought to discern differences based on surgeon role and task
relationship to the various stages of surgery, with the ultimate aim of identifying high-yield
sections of open operations amenable to differentiating skill level and providing feedback
metrics to surgeons. Our identification of statistically significant differences across several
kinematic measures for two tasks encountered in a majority of surgical procedures
represents a measurable step forward in a scalable methodology to assess surgical skill under
a variety of actual surgical conditions and toward generalization of the ability to measure
technical skill. These tasks were evaluated within the context and flow of an entire operative
case, rather than evaluating discrete tasks without an operative context, as is seen with
simulation benchtop models.

We identified significant differences in speed and acceleration metrics for suturing and tying
tasks based on the type of task being performed. Our findings are consistent with prior work
in which these tasks consistently differentiated surgeons based on experience level. 11 We

also build on recent work which identified differences in idle time,22 path length, and suture
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time 23 for suturing tasks performed on models simulating more or less complex tissues.
However, our approach is novel in that it consistently identified differences between
attendings and residents, and between task categories, during a wide variety of actual
operations and without restricting task parameters as is commonly used in highly-controlled
bench-top assessments.

Even more exciting was our identification of interaction effects between surgeon role and
task category for suturing. In other words, attending surgeons’ suturing kinematics are
significantly different when working on different tissue types and when comparing attending
and resident surgeons working on the same tissue type. This represents a critical step
forward in assessment of surgical technical skill and suggests that assessment of suturing
technical skill is most sensitive to surgeon experience and complexity of surgery, and
represents a promising target for further quantification of technical skill. .

Interestingly, increasing task complexity did not always correlate with stepwise decreases in
speed and acceleration metrics; several S2 (bowel anastomosis) task metrics were lower than
S3 (complex anastomosis) measures, indicating that surgeons were slower at bowel
anastomosis suturing tasks than when sewing more complex anastomoses. This was seen
when assessing tasks overall and also when assessed by roles (attending and resident
surgeons).

Additionally, residents had higher maximum speed, maximum acceleration, standard
deviation of speed and standard deviation of acceleration for S2 tasks compared to attending
surgeons. These findings seem to indicate that increasing technical skill does not translate
solely to increased speed and acceleration. For example, decreased acceleration seen in S2
tasks performed by attendings may represent a smoother, steady pace compared to a less
skilled operator who demonstrates pauses and rapid changes in motion which would lead to
increased maximum speed and acceleration.

Overall, our findings highlight the unstudied relationships between technical elements
(suturing, tying) and the larger context of an operation. Ongoing work is needed to
understand the relationships between the kinematic data evaluated here and other
assessments of technical skill. It may be that kinematic data assessment is most appropriate
for evaluation of certain tasks, such as abdominal fascial closure, while other tasks such as a
complex hepatobiliary anastomosis are more appropriately evaluated with a global
assessment score or a combination of several metrics.

Of note, S1 (Body Wall) suturing tasks were most likely to have interaction or category
effects compared to S2 (Bowel Anastomosis) or S3 (Complex Anastomosis) tasks. This may
be due to the higher number of S1 clips available for analysis, as all operations analyzed
required closure of an open abdominal wound, whereas S2 and S3 clips could only be
obtained for specific types of operations.

There are several limitations to consider. While the in-light camera represents a non-invasive
method of video capture, the captured images are dependent on where the operating
surgeons focus the boom light, which is not necessarily where they are working. Surgeons’
hands moved in and out of the video frame or were obscured by a surgeon’s head leaning
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over the operative field, reducing the data available for technical analysis. These limitations
could be resolved with use of a wide-angle lens on a boom separate from the in-light
camera, which is becoming increasingly available. The research team could set the angle and
location of the camera boom prior to case start and begin recording remotely, minimizing
interference with the operative team and ensuring high-quality data capture. Wearable
technologies like GoPro® and mobile video glasses have also been successfully employed
by our group and others. 18 24 Additionally, some components of our current methodology,
such as clip identification were time-intensive and not easily scalable. Ongoing evaluation of
the kinematic differences between task sub-categories (e.g., T1 vs T2, S1 vs S3) could lead
to the development of software capable of recognizing the kinematic patterns associated
with suturing and tying tasks and sub-tasks, identifying and flagging clips for quick
confirmation by the surgeon. Likewise, our distance calibration was time-consuming and
based on population measures of hand size. Since the in-light camera location and distance
from the surgeons’ hands were constantly changing throughout the operation, it was not
practical to make precise distance calibrations. Kinematic measures relative to hand
dimensions were considered a pragmatic approach to approximating distances, given the
relatively low precision of marker-less video tracking of the different hands, and are
considered sources of random error. The kinematic measures are therefore approximations
and contain some measurement errors, possibly contributing to additional variability and
noise in the statistical analysis. Further accuracy could be obtained by calibrating based on
surgeon glove size, obtaining standardized, one-time measurements of the surgeons’ hands,
or including a standardized reference such as a ruler in the operative field.

Power analysis was not conducted prior to the study as it was not possible to determine the
number of clips that we would have per case. Sample sizes were set by prior experience in
this type of analysis. Post hoc power analysis focused on testing the role difference between
attending versus resident surgeons in the kinematics for tying tasks, given that no significant
role difference was found for any of the kinematic measures. Power analysis was conducted
using Optimal Design 3.01, 25 a power analysis software program that takes into account the
clustered data structure. Power was influenced by multiple factors, including type I error
rate, sample sizes (i.e., number of surgeons, number of cases performed per surgeon, and
number of video clips included per case), intra-class correlations (ICCs) at surgeon level and
at case level, and effect size (i.e., the role difference in a kinematic measure in standardized
metric). The analysis showed that the standardized role difference observed in the current
study (0.11 to 0.47) was smaller than the minimum effect size (0.85 to 1.26) that could be
detected with sufficient power (.80) for all six kinematic measures, which could have led to
the statistical insignificance. Future studies with increased sample sizes and improved
procedures reducing unusable video clips to be excluded from analysis would help increase
power and allow a greater possibility in detecting small role difference.

Video recording of operations is likely to become increasingly commonplace given growing
availability and sophistication of video technology and medicine’s cultural shift toward
increased transparency.2® This type of marker-less tracking could offer the ability to analyze
data and provide feedback to surgeons for a wide variety of open or laparoscopic cases and
practice settings, allowing surgeons to easily obtain information on their technical
performance as part of ongoing skill development. Specifically, as we further develop our
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understanding of quantitative skill measurement, kinematic data could provide objective
feedback to learners about the kinematics of tasks during new skills and procedures with a
measure of their progress toward mastery.

This approach combines the use of video, which allows for self-observation and reflection,
and the provision of objective, numerical feedback. Ultimately, this methodology could
provide a high-throughput, scalable method of providing objective data to surgeons
regarding their technical performance in open operations. In time, identifications of
kinematic patterns associated with various stages of technical proficiency, as well as the
kinematics associated with “expert” status could be determined (and, as noted elsewhere,
may not correlate solely with high speed and acceleration). These data could provide
surgeons with benchmarks with which to compare their data over time. Potential
applications include assessment of surgeons during skill acquisition as well as maintenance,
and could be useful for residency programs and for surgeons re-entering the operation room
after time away for medical or personal reasons.

Prior research indicates that the number of hand movements %11 and time taken 9-12. 21
decreases for a given task with increased surgeon experience. Fewer hand movements,
synonymous with increased efficiency, result in smooth, steady hand motion and cycles of
motion without hesitation. These concepts are conceptually parallel to higher peak speed and
acceleration. Decreased time taken, synonymous with increased speed, is consistent with our
findings of increased mean speed and acceleration for suturing tasks. However, increased
efficiency alone is insufficient to truly evaluate technical skill. A surgeon may move quickly
but with poor results — a stitch that pulls through due to poor placement or a dropped knot
throw due to moving too quickly. Quality assessment was not performed during this
evaluation as we sought to demonstrate feasibility. Future work must include correlating
these kinematic measures with other evaluations such as global assessment or cosmetic and
functional outcomes to ensure that surgeons are not sacrificing quality for speed.

Finally, significant attention in education and human factors has focused on the concept of
expertise and the circumstances surrounding experts’ transitions from automated, routine
behaviors to more deliberate, effortful evaluation and actions. 27 This transition may occur
deliberately, at pre-identified stages in the operation related to patient- or procedure-specific
characteristics, or with intra-operative identification of an unexpected difficulty or roadblock
to proceeding further. This change in cognitive processes has been labeled ‘slowing down’,
but there are no data exploring how this transition affects kinematic movements during an
operation. We feel that this represents a critical avenue of future investigation. Such
transitions as described by the reviewer are included in hidden Markov models. The work
we are doing now can inform development of such multivariable and multi-dimensions
models. Further work is needed to determine whether and how the kinematics of highly-
demanding portions of the case can vary from more routine, automated portions, and how
they might change with expected versus unexpected task complexity. Description of markers
identifying these high-intensity periods could provide surgeons with another tool for
thoughtful reflection and self-assessment, and allow surgeons to anticipate when a transition
to deliberate, effortful activity may be needed in future cases. It is very possible that the
transitions in speed or acceleration will be more predictive of performance than absolute
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measures. Furthermore, this methodology could identify changes in motion kinematics as a
marker of potentially difficult or high-risk periods of an operation. This could eventually
allow for rapid processing of large volumes of operative video and selective manual review
of points at highest risk for safety compromise.

Next steps for this work include comparison of technical kinematic data with global
assessment such as the Objective Structured Assessment of Technical Skill (OSATS) and
identification of kinematic patterns associated with varying degrees of proficiency;
development of scalable measurement of surgeons’ hands, and further assessment of the
relationships between skill, speed and acceleration, and case complexity.
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Figure 1. Multi-media Video Task Analysis
Categories of interest, called records, are created by the user and listed along the left-hand

side of the analysis window. Here, attending and resident surgeon activities are identified
and tracked separately. Each record can contain multiple events, also created by the user and
seen along the right-hand side of the analysis window, which can be marked whenever they

occur. For each record, we created events for common surgical tasks (suturing, tying,
electrocautery and sharp dissection) and identified when surgeon participants were
performing one of these tasks. In this screenshot, the resident surgeon is performing a

suturing task.
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Figure 2. Marking a Region of Interest
In this image, a Region of Interest (ROI) shown in the square box, is manually marked on a

surgeon’s hand. The ROI is tracked over successive frames to measure position, speed, and
acceleration of the surgeon’s hand.
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Significant Maximum Speed Comparisons
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Figure 3. Significant Comparisons for Speed Kinematics
Median and interquartile ranges shown for maximum (A) and average or standard deviation

(B) of speed. Only comparisons reaching statistical significance (p < 0.05) displayed.. SD,
Standard Deviation; S1, Body Wall Suturing Tasks; S2, Bowel Anastomosis Suturing Tasks;
S3, Complex Anastomosis Suturing Tasks; T1, Body Wall Tying Tasks; T2 Superficial Tying
Tasks; T3, Deep Tying Tasks.
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Significant Maximum Acceleration Comparisons
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Figure 4. Significant Comparisons for Acceleration Kinematics
Median and interquartile ranges shown for maximum (A) and average or standard deviation

(B) of acceleration. Only comparisons reaching statistical significance (p < 0.05) displayed.
SD, Standard Deviation; S1, Body Wall Suturing Tasks; S2, Bowel Anastomosis Suturing
Tasks; S3, Complex Anastomosis Suturing Tasks; T1, Body Wall Tying Tasks; T2
Superficial Tying Tasks; T3, Deep Tying Tasks. Standard deviation for All Complex
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Anastomosis Suturing Tasks and All Body Wall Suturing Tasks are increased (10x) to match
X-axis.
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Summary of Video Recording and Analysis by Surgical Task and Surgeon Role

Table 1

Attending Resident Total
Number of Cases Recorded ™ 22 6 22
Number of Cases with Usable Video Clips * 14 6 14
Number of Usable Video Clips 87 51 138
Number of Suturing Clips 39 21 60
S1: Body Wall 19 9 28
S2: Bowel Anastomosis 11 9 20
S3: Complex Anastomosis 9 3 12
Number of Tying Clips 48 30 78
T1: Body Wall 12 8 20
T2: Superficial Abdomen 27 19 46
T3: Deep Abdomen 9 3 12

*
Some cases contain data from both attending and resident surgeons; sum of row may be greater than total

Surgery. Author manuscript; available in PMC 2017 November 01.




Page 19

Frasier et al.

Author Manuscript

[e10) UBY) J81ealb ag Aew UWIN|02 JO WS ‘suoafins Juapisal pue Buipuale Y10g WoJl) e1ep Ureluod sased awos
v

8€T 8. 09 14 144 |eloL
6 S 14 T T £
6¢ 91 €T € € |
€T 6 14 4 4 Q)
4 T T T T |
4 4 0 T € 3
8T L 17 4 14 a
0¢ 0t 0T 14 ¥ o]
€€ €¢ 0T S 6 3|
4 S L T T v
lelol  BuAl  Bunnng @i uosbung
sdi|D 09pIA JO Jaquiny  SIUBWIRIT 2ICESN UMM SeSeD | PapJ0day saseD

¢3lq

Author Manuscript

1uedionued uosbing Aq sisAfeuy pue Buip1oday 03pIA JO Arewwinsg

el

Author Manuscript

Author Manuscript

Surgery. Author manuscript; available in PMC 2017 November 01.



Page 20

Frasier et al.

sisowolseuy xajdwo) ‘€S ‘SISoWoIseUY [aMmog ‘ZS IIBM Apog ‘TS ‘UOnBIASp plepuels ‘as

6€'99 ¥ €2'8861
86'T8VT ¥ 89'66¢€
S¥'90ST * ¥0'CT8¢
GC'8¢T¢C ¥ £€2°099¢
¥2'€¢0T ¥ 9T°0T6¢
8E'TYIT ¥ 62'TL8Y

€8'GTOE ¥ 95°'6T80T
CEVEVET + 69°090€C
9E'T8YCT ¥ ¢S°LL2LT
00'9.€2T ¥ €0'€L8T¢C
TL'8€69 + 61'88691
92'€998 ¥ 19'82.9¢

¥8°06€ ¥ G'00T¢
6€'GES + 8T'00T¢
S0'€.8 ¥ 88'TTHC
86'T6ET F 85°C8C
80°0€9 F TE'6VEC
7. TVET ¥ T5'688Y

28'6T ¥ ¥1°08¢
LT'CST +GLLEE
0L'6¢T ¥2L'89¢
G9'Z8T ¥ CT'6LE
8L'TOT + L0°L0€
9€'09T + 68°L0S

65'v8C ¥ L9'6CVT
§G'8T6 + vi'¢CT1C
¥8°9¥0T ¥ ET'€ELT
6T'850T ¥ L8'66T¢C
6€'¥SS F LZ'€99T
02'S6S * 617'¢55¢

0v'0C ¥ 8€'TEC
LTLSFC9TTC
89'GL ¥9/L°¢ee
8761 ¥ 88'05€
LL'19F [9°0vC
67'8ET + 1’88y

€S Juapisay

¢S luapisey
TS Juspisay
€S Bulpusny
TT ¢S Buipusny
6T TS Bulpusny
AiobBa1eD ysel Aq ajoy

D OO OO ™

07’9961 + €C'¢CVCE  G6'8VLTT + 99'60T6T €8V CT + S0'LS9¢ 6¢°¢9T + 8EVSE T6'7.6 ¥ ¢€L00C S9v.T+00TcE T €S

TC'TECT + ¥¥'S80€  GC'TESOT + C€'9¢L61 90'88S ¥ 0¢'L€¢¢C €E'7CT ¥ 88°0¢C¢E TL'¥S. ¥ 07°'G98T 6€'€9+09°Lc¢c 0¢C Zs

Ov'TS8T ¥ 6€'60Cy  G/'88/0T ¥ 9.°069€¢  G9°//9T * €T°€60V 9¢'/8T + TO'TEY VL'L€8+L1.89¢C cv'vLT+88¢C0F 8¢ 1S
AKioBae) ysel

¢S'60VT + ¥E'E06C  16'9TVCT + 9V'€EBBT 80'8/9 ¥ T18'€€CC 80'TET + ¥6'66¢C ¥9'026 F ¥€¢S8T 18'09 +¢C'61¢  1¢ juspisey

60708T ¥ 89'8€0F  88'G066 ¥ T9'€98¢C  8L'G99T F 89'00LE G8'CLT¥ESTCY  LC'/8L¥69'G0CC /[8TLT+0L98€  6F Buipusny
a0y

uoneinsg prepuels wnwixepy abelany  uoneinsq pJepuels wnwixey abesany

(z8/wiw) uonels|00y

(s/ww) paads

Author Manuscript

(09=u ‘@s ¥ ueaw) syse] BulININS 10} SIITRWBUIY] UBSIA PaAIasqO

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Surgery. Author manuscript; available in PMC 2017 November 01.



Page 21

Frasier et al.

BuiAl deaq ‘g1 ‘BulAl e1onadns ‘z1 {JIeM Apog ‘T.L ‘UOIRIASP plepuels ‘ds

(z8/wiw) uonels|adY

(s/ww) paads

EY'8Cy ¥ ¥8'06¢y  CCTT9Y +.9'0882C  Z0'0TLT F 69'C9€S G8'GSF9E LTy L0'SOE F09'GT0Z  0L'¥0Z F €2°€SS € €1 1uspissy
0S'¥SPT + LE'TYY9  GL'TOT6 + TT'08S9€  G8'8¢8T + ¥¢'LECL G8'CZT+#20'809  TC'8C9+8L'GT€€ LLTLT+20899 6T ¢l 1uspisey
68'7STC ¥S0'69T6 8T'OT6YT ¥ €L°/GVTS  GO'0STE F ¥¢'8960T ¥7'06T F8.°69.  98VE6 F920T8E  6ECLC FTL'TEG 8 TL1spisey
68'T90C ¥ GE'9T98  0E'STOET ¥8L°/2097  TE€'LE¢C F L8506 00'€6T FT0O'0S.  65'8/0T ¥ G5'80G€  G9'GLT F8E'26L 6 €l bBulpuany
16'G/SC ¥ 89°'G0/8  Z¥'86SCT + LS'€Ivcy  E€V'GEIE F LSCTI0T 69'G0Z ¥ G5'6EL  GT'686 F YS'6GEE  B0VOE F18'866  L¢ L Buipuspy
112212 ¥81'8698  ¥9'¥29vT ¥ TE€'00S6Y  GZ'TVSE F 6€°CT60T OF'Z8T F ¥¥'¥0L 86'T6TT ¥8E'90SE G6'T9C ¥G6.88 2T  TL Bulpusny

AiobBa1eD ysel Aq ajoy
€L°9€9¢ ¥ L6'V€SL  G8'9G.ST + TO'TVCOv 0€'6€9¢C + ¢SVET8 9C'v¢C +¥8'999 EV8YIT + TE'GETE VYEVOC +65¢CEL (T €L
Ov'6EVC ¥9€°0LLL  LL'OSSTT F v'€E00F V. VEVE F T¥'8126 9y'98T #2C'G89  L9'0S8 ¥ 9’ TFEE 09'G8C +¥GLCE8 9 AN
6€'G60C F 68'0588  00°LLEYT ¥82°€820S  SO'L6ZE F €L 'VE60T 8G'€8T ¥85°0€L 69'080T ¥€6'L29€ 68'65C ¥ 9’506  0C Tl

AKioBae) ysel
€€'69TC F0.'€G69 TO'BTVET F €S LLT6E  T9'9S8¢ F ¢/ ¥v08 9v'69T ¥60°CE9  EV'6E8FC9LTEE TI9VECFELGEL OF spissy
GO'VEEC ¥ GT'CL98  LZ'6SEET + VO'I68YY  ¥7'96EE + ET°96€0T Lyv6T ¥ v.°2€L 26LE0T +6TVCVE C6'V.C+V¥9'868 8 Buipusny
ajoy
uolreINeg pJepuelIS wnwixew afesany  uonelneQ plepuels wnwixew abeany

Author Manuscript

(82=u ‘@s ¥ ueaw) sysel BulA] 10} SoITRWBUIY] UBSIN PaAIasqO

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Surgery. Author manuscript; available in PMC 2017 November 01.



Page 22

Frasier et al.

- - - - - - - - - - - - juapIsey A Bulpusny T L
310y
- - - - - - - - - - - - €1 SA Z1 :uspIsay
- - - - - - - - - - - - €1 SATL :usplIsay
- - - - - - - - - -- -- -- 2L SA T :usplsay
- - - - - - - - - - - - €1 sn gl :Buipueny
- - - - - - - - - - - - €L SA TL :Buipueny
- - - - - - - - - -- -- -- 21 sn 11 :Buipusny
AKioBaje) ysel
810 - 1590 - 950 - [440] - 690 - 440 - 138)43 uonadessiu|
(82=u) BuikL
- - - - 660 06715 660 V669 - - 660  T'E9  IUaPISAY A Bulpusny €S
- - - - 860 z86le 00T  ¥TST- - - 860  G6'ES  IudpISaY A Bulpusny S
- - - - €00 ST's95c  S00  8TV9T - - €00 EEE6Z  IUAPISAY A Bupusny (TS
3|0y
- - - - 00T or'1¢- 00T S9'19 - - 00T 761 €S SA ¢S Judpissy
- - - - 00T 99'8¢¢ 00T 09'2e- - - 00T 0L'ST- €S SA TS ‘Juspissy
- - - - 00T 9005 €60  ST6L - - 00T L€ ZS SA TS uapIsay
- - - - 00T 67'95T- 00T  29€E- - - 00T /882 €S SA S :Butpuany
- - - - 700>  006/2¢ OT0  S9'99T - - 100> 2Z¥1C €S SA TS :Bupueny
- - - - 100> 6v'GEvc  ¥0°0 1200 - -- 100> 80°EVC S sA TS :Buipusny
AKioBared ysel
[4%0) 600 €00 S0°0 cro v0'0 108443 UONoeIA|
(09=u) Bunmns
anjeA-d ANM_\MC_\”_& anjen-d ANM_\MC_\”_S anjen-d ANM_\M_C_\”_S H_ms AM\_NHV anjen-d ANM___W,_S anjen-d Amn_\m___\c,nv
as wnwixepy abesany as wnwixepy abesany
UoIYeI8]90dYy paads

Author Manuscript

Author Manuscript

"(g0"0>d) sainseaw juealyiubis 10) Ajuo paisi| are (AdIN) Sedualaylp paioipald [apo

G 9lqeL

$199)J3 UONJeISIU] JO UoeN[eAT :T [9POIN

Author Manuscript

Author Manuscript

Surgery. Author manuscript; available in PMC 2017 November 01.



Page 23

Frasier et al.

BuiAl daaq ‘el ‘BulAl |e1ouadns ‘z1 {1em Apog ‘T ‘sisowolseuy Xa|dwo) ‘€S ‘SISOW0ISeUY [amog ‘ZS ‘1B Apog ‘TS ‘uoneIAap pJepuels ‘s ‘aoualayip paroipald |apoN ‘AdIN

1wapIsay A Bulpusny €1

JuapIsay A Bulpuany :z1

anfen-d

as

(esiww)
adw

anjea-d (g
adin
wnwixepy

(IICIEIE v

) (zS/ww)  anjen  (s/ww) } (s/wiw)
BN “qam d aan MM gaw
abesany as wnwixepy

paads

(s/wiw)

anerd  Oan

abelany

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Surgery. Author manuscript; available in PMC 2017 November 01.



Page 24

(s108y49 uonaeIaUI paruapl Ajsnoisid o}
anp) pauodal jou ‘YN BulAl deaq ‘g1 ‘BulAl [e1osadns ‘z1 ‘Ilem Apog ‘T ‘Sisowolseuy xajdwo) ‘€S ‘SISOWOlISeuy [amog ‘ZS I8 Apog ‘TS ‘UOIRIASP pJepurls ‘gs ‘aduaiayip paloipald |apoN ‘AdiN

Frasier et al.

8T'0 190 950 [44)} 690 440} AiobBereD ysel Aq sjoy
8¥'0 S'0€8 160 LL'6ELT  0C0 L2°/0LT 090 ¢8'€S S50 geeee - -- €LACL
€00 06'¢coc <200 00'0S6¢T  ¢00 0¢'290€ S0°0 L9'SVT €00 0S'v06  -- - ELATL
0T'0 99'¢6TT 100> 00'T¢TT 020 €6'6S€T  T1T°0 G8'T6 900 8T'18¢ - - CLATL
€00 T0°0> 00 00 00 9T'0 KiobereD ysel
- - - - - - - - - - - - apISaYy SA Buipusny
0 iZA0] 90 08'0 2c0 €90 3|0y
“g/=u) BulhL
€80 6082y - - = - - - - - ESATS
00 VSEVST - - - - - - - - - - ESATS
91’0 oy'STIT - - - - - - - - - - ZSATS
200 10 4N dN 170 4N Kiobayed ysel
- - - - -- - - - - -- -- - WapIsay sA Buipusny
.00 S¢0 4N 4N 20 4N 9|0y
(09=u) BurinIng
anjea-d4 ANM_\M__\—,_S anfea-d4 ANM_\M__\,_EV anjen-d ANM_\M__\/_EV anjea-d ANM__V_,_,_V anjen-d ANM__\_“V anjea-d AM\_NHV
as wnwixepy| abesany as wnwixepy abesany
Uo11B.9]900Y paads sJoretedwo)

"(g0"0>d) sainseaw juealyiubis 10) Ajuo paisi| are (AdIN) Sedualaylp paiolpald [apo

A10Ba1eD ysel pue 3]0y JO S1933 UIBIA :Z [9POIN

Surgery. Author manuscript; available in PMC 2017 November 01.

9 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



	Abstract
	Introduction
	Methods
	Case Selection
	Data Collection
	Data Analysis

	Results
	Observed Means: Suturing
	Observed Means: Tying
	Model 1: Predicted Main Effects with Inclusion of an Interaction Effect
	Model 2: Predicted Main Effects without an Interaction Effect

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6

