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Abstract

Background Assessing performance automatically in a virtual reality trainer or from recorded videos is advantageous but
needs validated objective metrics. The purpose of this study is to obtain expert consensus and validate task-specific metrics
developed for assessing performance in double-layered end-to-end anastomosis.

Materials and methods Subjects were recruited into expert (PGY 4-5, colorectal surgery residents, and attendings) and
novice (PGY 1-3) groups. Weighted average scores of experts for each metric item, completion time, and the total scores
computed using global and task-specific metrics were computed for assessment.

Results A total of 43 expert surgeons rated our task-specific metric items with weighted averages ranging from 3.33 to 4.5 on
a 5-point Likert scale. A total of 20 subjects (10 novices and 10 experts) participated in validation study. The novice group
completed the task significantly more slowly than the experienced group (37.67 +7.09 vs 25.47 +7.82 min, p=0.001). In
addition, both the global rating scale (23.47 +4.28 vs 28.3 +3.85, p=0.016) and the task-specific metrics showed a significant
difference in performance between the two groups (38.77 +2.83 vs 42.58 +4.56 p=0.027) following partial least-squares
(PLS) regression. Furthermore, PLS regression showed that only two metric items (Stay suture tension and Tool handling)
could reliably differentiate the performance between the groups (20.41 +2.42 vs 24.28 +4.09 vs, p=0.037).

Conclusions Our study shows that our task-specific metrics have significant discriminant validity and can be used to evaluate
the technical skills for this procedure.

Technical competency of surgeons directly correlates with
their surgical outcomes and rate of complications [1]. Cur-
rently, there is no direct assessment of surgical trainees’
technical skills before entering independent surgical prac-
tice. Trainees in various surgical specialties (including
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Colon and Rectal Surgery) are tested using only oral and
written board exams to ensure that they have the appropri-
ate knowledge to function as competent surgeons, without
any objective assessment of their technical skills. The only
assessment of technical skills is performed by individual
training programs using subjective faculty evaluations. Stud-
ies comparing these evaluations to more objective assess-
ments (like task-specific metrics) have found they do not
evaluate a residents’ technical performance as well as the
objective evaluations [2, 3].

Different surgical specialties have attempted developing
structured assessment tools to assess the technical skills of
their trainees. These tools have involved a combination of
task-specific metrics, global rating scales, time for the pro-
cedure, and a pass/fail grade by the level of training. They
have been able to assess a trainee’s surgical skills reli-
ably and with good validity [4]. The operative assessment
committee of the American Society of Colon and Rectal
Surgeons (ASCRS) developed the Colorectal Objective
Structured Assessment of Technical Skill (COSATS) to
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address the question of assessing technical competency of
colorectal surgery trainees. Their study combined both a
global rating scale and a task-specific checklist for select
tasks considered integral to the practice of an independ-
ent colorectal surgeon. They found that both scales were
able to reliably differentiate colorectal surgery residents
from general surgery residents [5]. Despite their mer-
its, skill assessment tools require a considerable amount
of time, labor, and materials to set up for each partici-
pant. Additionally, a proctor is needed to administer and
score the performance which adds additional barrier to
participation.

As a potential alternative, virtual reality-based surgi-
cal simulators offer several advantages including objective
scoring, quick turnaround times, and no need to replenish
materials. Virtual reality-based simulators have been widely
applied for training in various laparoscopic [6—10], robotic
[11-14], and endoscopic procedures [15, 16], However, the
application of this technology to open surgery remains very
limited [17]. We are developing a virtual reality-based colo-
rectal surgery trainer (VCOST) for assessment and training
in select open colorectal surgical tasks. As an integral part
of many colorectal procedures, our first focus is to develop a
virtual reality-based simulator for hand-sewn bowel anasto-
mosis [18]. Using expert consensus, task-specific objective
metrics were developed for automated assessment of double-
layered hand-sewn end-to-end anastomosis. Here, we test the
ability of these task-specific metrics to differentiate between
novice and expert surgeons.

Materials and methods

Development of task-specific metrics for bowel
anastomosis

In this IRB-approved study, a detailed Hierarchical Task
Analysis (HTA) was created based on observing expert sur-
geons performing a double-layered end-to-end hand-sewn
anastomosis on porcine bowel. Two expert colorectal sur-
geons (AC, JF) recorded videos for use which were sup-
plemented with an extensive literature review and publicly
available workshop videos. This resulted in the documen-
tation of the major tasks and subtasks of the procedure in
the HTA. A performance metric was associated with each
significant task related to surgical action. We used a 5-point
scale for the performance metrics, with five being wholly
correct and 0 being completely incorrect. Consensus on the
importance of the developed metrics and the preference of
suturing techniques and materials was obtained from expert
colorectal surgeons using an online survey on a 5-point Lik-
ert scale.

Validation of the metrics

Once these metrics were developed, a study was conducted
at the Baylor University Medical Center (BUMC) in Dallas
to assess the discriminant validity of the metrics in dif-
ferentiating between expert and noviceparticipants. The
participants were asked to perform a double-layered end-
to-end anastomosis on a small bowel silicone model (Sim-
sei, Applied Medical Inc.). Since our goal is to validate the
developed task-specific metrics, apart from an explanation
of the setup and the model, no additional information such
as written description or an expert demonstration video
was provided to the participants about the task. The par-
ticipants were divided into a novice group (general surgery
PGY 1-3) and an experienced group (PGY 4-5, colorectal
surgery residents, and attendings). At BUMC, the resi-
dents start their colorectal rotation at the end of PGY3, and
hence, the residents in the first three years of their training
were assigned to the novice group. Some of them may
have been exposed to colorectal procedures as part of their
trauma and critical care rotation, but we do not specifically
control for it in this study. The participants were deidenti-
fied and videotaped performing a bowel anastomosis. A
digital camera and an Intel Realsense 3D-depth camera
were used to record the procedures. Additionally, the posi-
tions of the tools and the surgeon’s hands were tracked
using magnetic tracking sensors (3D Guidance Ascension
TrakStar). The tool and hand motion data were not used
in this analysis but will be used to analyze the workspace
for future development of a custom haptic device for our
simulator. The depth data was collected for future use and
was not used for analysis in this study. The experimental
setup is shown in Fig. 1. Two qualified independent raters
assessed the videos. The rating on the recorded video was
done using the developed task-specific metrics and the
global rating scale of performance previously developed
and validated for the COSATS [19, 20]. To assist the raters
in assessing the quality of the anastomosis, photos were
taken of both sides of the exterior and the interior of the
models in which anastomosis were performed.

Statistical analysis

For the analysis of the data from the survey, descriptive
statistics were used, and a weighted average was calculated
for all the metric items.

For the analysis of data from the validation study,
Intraclass Correlation Coefficient (ICC) was computed
for absolute agreement to assess the inter-rater reliability
of the two raters. The ICC was calculated after the com-
pletion of the first five videos by the raters. Discrepancies
were resolved, and the process was repeated for the second
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Fig. 1 Experimental setup for the validation of the developed metrics
for the hand-sewn anastomosis

set of 5 videos. On completion of the ratings, we averaged
the ratings from the two raters to calculate the global and
task-specific scores.

For the global metrics, the total score was computed by
adding all the metric items. For the task-specific metric
score, two methods were used. In the first method, a total
task-specific metric score was computed by adding all the
individual metrics. In the second method, a weighted sum
was computed with the weights for individual task-specific
metric items calculated using Partial Least Squares (PLS)
regression [21] for predicting the total global metrics score.
PLS is a well-known statistical method that consists of a
latent variable approach to model the covariance struc-
ture between the predictor (task-specific metrics) and the
response (total global score) variables. It is particularly
useful if only a relatively small dataset is available [22].
The PLS regression technique has been successfully used
in developing a formative assessment tool for Endotracheal
Intubation [23]. In this work, an independent cross-vali-
dation method was used to evaluate the PL.S model. Addi-
tionally, a Support Vector Machine (SVM), a supervised
machine learning method, was used to validate the results
from PLS regression independently. Finally, the completion
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time of each participant was also recorded from the videos
for analysis.

For completion time, and total Global and Checklist scores,
the normality of data was checked using a Shapiro—Wilk test
[24]. If the data were normal, we used the t test to compute the
difference between the groups; otherwise, we used the non-
parametric Mann—Whitney test. All statistical analyses, except
the SVM, were performed using the R statistical package (ver-
sion 4.0.2) [25]. The SVM was computed using custom code
implemented in Matlab (Mathworks Inc.).

Results
Hierarchical task analysis results

The HTA was conducted to identify the key steps of the pro-
cedure and represent them in a hierarchical order. The task
tree (Fig. 2) was created to determine the optimal execution
of the steps and substeps, including their linear progression.
HTA was then used to develop the performance metrics. Six
distinct main steps were identified in the HTA; 1) Placement
of stay sutures, Completion of suturing of the 2) Posterior
Outer, 3) Posterior Inner, 4) Anterior Inner, 5) Anterior
Outer Layer and 6) Evaluation steps. The details of each of
these steps is shown in Table 1.

Expert consensus survey results

Most of the surgeons (55.8%) indicated double-layer closure
as their preferred method while 25.5% preferred single layer,
and 18.6% didn’t indicate any preference. When asked about
the importance of time in the execution of the task, 51.5%
indicated it was important, 21.2% didn’t think it was impor-
tant with 3% indicated it was very important and 24.2%
remained neutral. When asked how much time is adequate
to perform this task, 60.6% indicated that 10-30 min is an
adequate time to perform the double-layer end-to-end hand-
sewn anastomosis. Vicryl was the most preferred suture
material to close the inner wall, followed by PDS and Chro-
mic (58.84%, 32.26%, 6.45%). The outer wall closure was
most commonly done using Vicryl (48.48%), followed by
Silk (45.45%) and PDS (6.06%).

A majority of the surgeons (66.67%) chose Connell stitch
as their preferred suturing method for the inner layer, while
81.82% used Lembert sutures for the outer layer. Addition-
ally, 71.43% of the surgeons responded that they start in the
middle and run in either direction when closing the inner
layer of the posterior wall. For distances to the first bite
from the cut end of the bowel, 55.88% preferred 5 mm from
the cut edge while 35.29% preferred <5 mm from the cut
edge. The metrics for assessment and their weighted average
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Fig.2 Task tree showing the task execution steps of the procedure in order

scores are shown in Table 2 and ranged from 3.33 (above
neutral) to 4.5 (more than important).

Validation of metrics results

To validate the developed task-specific metrics, a total of
(n=20) subjects distributed equally between the expert and
novice groups participated in this study. Figure 3 shows a
participant performing the task during the study. The ante-
rior, posterior, and the inner view of the completed anasto-
mosis model for one subject is shown in Fig. 4. The comple-
tion time for all the subjects is shown in Fig. 5. The novice
group took more time (37.67 +7.09 min) compared to the
expert group (25.47 +7.82 min). T test results show that the
difference in completion time was significant (p =0.001).

Reliability analysis

Intra class correlation (ICC) analysis of ratings by the two
raters showed that the global rating scale had moderate
reliability (ICC=0.64,95%CI 0.5 — 0.7, p<0.0001) and

the task-specific metrics had good reliability ICC=0.801,
95%CI1 0.72 — 0.85, p<0.0001).

Global score metrics

The total global metric score computed from the average of
the two raters is shown in Fig. 6. The expert group scored
significantly higher in total global scores than the novice
group (28.3+3.85 vs 23.47+4.28, p=0.016).

Task-specific metrics

For the task-specific metric, seven metric items from a total
of 10 items (see Table 2) were used. The metrics for anas-
tomosis quality check, closure of the mesenteric defect,
and management of bleeding were not used since we used
a silicone-based double-layered small bowel model. The
total task-specific metric scores, computed from adding all
seven metric items, are shown in Fig. 7. The expert group
had higher overall task specifc metric scores than the novice
group (26.05+4.67 vs 23.75+4.67, p=0.7), but it was not
statistically significant. The Spearman correlation coefficient
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Table 1 The main operative steps in performing double-layered end-to-end hand-sewn anastomosis

Step Description

(1) Placement of stay sutures The procedure starts with aligning both bowels end-to-end and placing absorbable 30 silk stay sutures. An
initial stay suture is placed distal and proximal 5 mm from the cut edge of the intestine at the posterior
outer layer. Hemostats are applied to each stay suture and adjusted to ensure adequate tension on the bowel

to line up the cut edges

(2) Posterior outer layer suturing  After securing the stay sutures with hemostats, the posterior outer layer of anastomosis is created using 3-0
silk in an interrupted lambert fashion incorporating only the serosa and muscularis with each bite (partial
thickness). The surgeon needs to place a hemostat on the sutures and leave them untied with enough ten-
sion until all the sutures are placed and then tie them in the end. The interrupted sutures are placed 3-4 mm
distance apart from each other [26, 27]. Once the outer wall is completed, the sutures are tied together

(e.g., batching technique)

(3) Posterior inner layer suturing  For the posterior inner layer, a running suture is placed using a 3—0 PDS or Vicryl absorbable sutures taking
1-2 mm bites on posterior edges of the enterotomies [28, 29]. For this portion two such sutures are used
starting in the middle and sutured away from the middle of the anastamosis. These two sutures are also tied

together

(4) Anterior inner layer suturing  Using the Connell stitch technique, the surgeon brings the 3—0 PDS or 3-0 Vicryl absorbable sutures of the
posterior inner layer on both sides to to the anterior wall. Leaving the stay sutures untied, the sutures from
both end are brought towards the middle of the anterior wall with with 3-4 mm bites until both bowels are

sutured and the inner wall is completely sutured. The two sutures are then tied together

(5) Anterior outer layer suturing  For the anterior outer layer, using the interrupted Lembert technique, non-absorbable 3-0 silk sutures are
placed through the seromuscular layer across from the initial suture on the other bowel. Leaving the Lem-
bert sutures untied, similar to the inner layer, the same pattern is repeated, leaving 3-4 mm distance apart
from each other until both bowels are sutured over the outer wall. Batching, tying all the sutures at the end

as opposed to the individual ties for each suture, is optimally used here as well

(6) Evaluation The stay sutures are removed, the bowel, bowel line alignment, perforation, leakage, strangulations of the

tissue are examined. The suture types used and the distance are confirmed as a part of the assessment

between the total global score and the total task-specific met-
ric scores (Fig. 8), showed poor correlation with R=0.483,
p=0.03 and R>=0.25.

The weights for each of the task-specific metric item
computed using the PLS regression is shown in Table 3.
The weights varied for different metric items. Notably, the
weight for stay suture tension was negative, which was
because some of the participants, including experts, didn’t
place a stay suture or provided adequate tension since we
had the models secured with rubber bands on a plastic
suturing platform. A new total task metric score was then
computed using the weights in Table 3. Figure 9 shows the
correlation between the total global score and the total task
metric score computed after the PLS regression using all the
metric items. The correlation improved significantly with
R=0.901, p<0.0001 and R*=0.764. Once the new task-
specific metric scores were computed using PLS regression,
the performance between the groups (Fig. 10) showed that
the experts performed significantly better than the novices
(42.58 +£4.56 vs 38.77+2.83, p=0.027).

Task-specific metric reduction
We did a systematic study to discover the minimal set of
procedure-specific metric items that could discriminate

between experts and novices. To do this, we performed the
PLS regression by leaving out one metric item at a time to
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compute a new total score and repeated it for all the seven
metric items. Once the new scores were obtained using the
computed PLS weights, we then performed the comparison
between the two groups. Table 4 shows the results from this
analysis. For brevity, we only report the R? value from the
correlation between the global score and the reduced task-
specific score and the t test results.

Table 4 shows that two metric items—tool handling and
the stay suture tension—are critical in predicting the perfor-
mance between the two groups since removing them made
our computed task-specific metric unable to differentiate
between the groups.

Next, we computed a new task-specific metric score by
running the PLS regression model using only the reduced
set of two metric items (tool handling and stay suture ten-
sion). The weights for the two task-specific metric items
computed using the PLS regression are shown in Table 5.
The tool handling metric item weight is 18 times more than
the stay suture tension metric, indicating that it has signifi-
cantly more influence on the assessment of performance. As
described before, because we had secured our anastomosis
model using rubber bands, many participants did not place
proper tension on the stay suture and hence that metric item,
though important, contributed only slightly to the assess-
ment of the performance.

Figure 11 shows the correlation between the total global
score and the total task metric score computed after the
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Table 2 Task-specific metric
items and the weighted average
scores from the survey

Number

Metrics

Agreement (weighted aver-
age of 5-point likert scale)

Task execution order

a. Suturing of outer bowel wall followed by suturing of the
inner bowel wall (5 points)

b. Suturing of inner bowel wall followed by suturing of the
outer wall (0 point)

Suture handling

a. Equidistant placement of sutures (5 points)
b. Poor placement of sutures (3 points)

c. Inadequate suture handling (0 point)

Tool selection

a. Proper selection of surgical tools (5 points)

b. Proper selection of tools some of the time (3 points)
c. Improper selection of tools (0 points)

Tool handling

a. Smoothness and Gentleness in tool handling (5 points)
b. Discrete motions in tool handling (3 point)

c. Aggressive tool handling (0 point)

3.79

453

4.13

4.34

5 Anastomosis quality check 3.52
Checking for integrity and leakage (air or betadine)

a. No leak (5 points)

b. Leaks (0 point)

6 Intestinal tissue damage 4.48
a. No damage (5 points)
b. Damage due to any reason, instrument use etc. (0 point)

7 Managing bleeding during the procedure 4.18
a. Immediately (5 points)

b. Delayed (0 point)

8 Closure of the mesenteric defect 2.48
a. Completely closed (5 points)

b. Not closed (0 point)

9 Placement of stay sutures 342
a. Distal and proximal stay sutures (5 points)
b. No stay sutures placed (0 point)

10 Stay sutures tension

3.50

a. Placing snaps and having enough tension (5 points)
b. Not placing snaps or not having enough tension (0 point)

Fig.3 Experiment setup showing the anastomosis model and a sub-
ject performing the task

PLS regression on the reduced set of metrics. There was a
fair correlation with R =0.856, p <0.0001 and R>=0.671.
Figure 12 shows the plot of the scores with a reduced set
of metrics between the two groups. Mann—Whitney U test
shows that the expert group performed better than the novice
group (24.28 +£4.09 vs 20.41 +2.42, p=0.037).

We also independently verified the importance of the two
metric items using an SVM analysis where the combination
of our metric item provided the highest minimum classifica-
tion error (MCE =0.8).

Discussion
Multiple techniques may be used to perform a bowel anas-

tomosis task. With the advent of staplers, the overall expe-
rience of hand-sewn bowel anastomoses, in particular, is
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Fig.4 a Anterior, b Posterior, ¢ Inner view of the completed silicone anastomosis model

declining in general surgery residencies [31]. As a trained
colorectal surgeon, there are circumstances, such as a low
coloanal anastomosis or a very proximal small bowel anas-
tomosis, where a hand-sewn anastomosis would be the opti-
mal, or only, technique feasible. Furthermore, along with
patient and situational factors, a poorly constructed bowel
anastomosis can result in an anastomotic leak, leading to
significant morbidity and mortality [32]. An objective struc-
tured assessment tool could be utilized to ensure that this
level of expertise is reached after adequate training.
Training in hand-sewn anastomosis task is usually pro-
vided to all general surgery residents by their third year or
before entering their colorectal surgery rotation. The training

@ Springer

is largely based on benchtop synthetic, silicone, porcine, or
cadaveric bowel models with and without leak tests. It has
been shown that training in benchtop models has shown
improvement in skills as assessed by OSATS, decrease in
operating time, and better anastomosis quality as assessed
by leak test [33, 34].

Our results indicate that our task-specific metrics can
objectively differentiate between novice and experts per-
forming hand-sewn bowel anastomoses. Using the PLS
regression analysis, we have also shown how to apply forma-
tive assessment metrics in a systematic way to assess techni-
cal skills. Moreover, we have shown that with the reduced
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Table 3 Weights computed for each of the metric items in task-specific metrics

Task metric items Task execution
order

Suture handling Tool selection Tool handling Placement of

Intestinal tissue
damage

Stay suture ten-
stay sutures sion

Weights Com- 0.13025 0.98778
puted using the

PLS regression

2.83571

5.24869

0.95602 -0.73074 0.9892

Table 4 Results from the task-specific metrics computed using the PLS regression with one metric item removed at a time

Metric item removed Task execu- Suture handling

Tool selection

Tool handling  Placement of ~Stay suture Intestinal

tion order stay suture tension tissue dam-
age
R? (global score vs reduced task-  0.747 0.791 0.701 0.447 0.755 0.76 0.757
specific score)
Expert vs novice t test (p value)  0.032 0.033 0.017 0.208 0.02 0.216 0.03

Table 5 Weights computed for the reduced set of metric items in
task-specific metrics

Task Metric Items Tool Handling Stay Suture Tension

Weights computed using the 6.078048 0.323394
PLS regression
30.0 b
° °
27.54  PLS regression using two metric items
2504 R*=0.671 o0

22.5 4

20.0 4

Total task-specific metric Score

15.0 175 20.0 22.5 25.0 27.5 30.0 325
Total global metric score

Fig. 11 Correlation between the total global score and the total task-
specific metric score computed using a reduced set of two metric
items

set of only two metric items, we could still differentiate the
performance between the groups.

Although the use of the silicone bowel models simplified
the logistics of setting up this project, there are disadvan-
tages to using them. As the silicone models were secured,
some participants, including experts, did not place stay
sutures as they might in an anastomosis on real bowel. Since
all metric items were equally weighted before applying the
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PLS regression, this could explain the discrepancy between
the predictive value of the stay suture tension and the actual
contribution to the total score in differentiating between
the groups. Moreover, this could also explain the nega-
tive weight associated with the stay suture tension metric
item. An expert who places a stay suture would put it with
appropriate tension, but since some of them decided that
it is unnecessary given the setup, the stay suture may not
be placed at all by experts. Due to the nature of our model,
we could not perform an anastomosis leak test to check the
integrity of the final model as the silicone starts breaking
when the knots are tightened and hence the importance of
this metric in differentiating the skill level between the two
groups could not be assessed. Also, we used only two raters
to assess the performance from the recorded video and got
only moderate agreement for the global rating scale. Having

s With only two metrics (TH and SST)

40 +

1 —T—
| |
o O T

10 A

Total task-specific metric score (PLS regression))

Novice Expert

Group

Fig. 12 Total task-specific metric score for both the groups computed
using the PLS regression on the reduced set of two metric items
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more than two raters could have improved agreement and
overall power of the results.

Although the previously developed global metrics also
differentiated between novice and experts, our task-specific
metrics can be more readily applied to creating a virtual
trainer for hand-sewn anastomoses. Our next step is to incor-
porate these metrics into VCOST and perform validation.
We plan to use the methods describe in this work to develop
and validate metrics for the other open surgical tasks of the
COSATS and incorporate them into VCOST.
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