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ABSTRACT

Objectives Workplace-based assessment (WBA) is a key
requirement of competency-based medical education

in postgraduate surgical education. Although simulated
workplace-based assessment (SWBA) has been proposed
to complement WBA, it is insufficiently adopted in
surgical education. In particular, approaches to criterion-
referenced and automated assessment of intraoperative
surgical competency in contextualized SWBA settings are
missing.

Main objectives were (1) application of the universal
framework of intraoperative performance and exemplary
adaptation to spine surgery (vertebroplasty); (2)
development of computer-assisted assessment based

on criterion-referenced metrics; and (3) implementation

in contextualized, team-based operating room (OR)
simulation, and evaluation of validity.

Design Multistage development and assessment

study: (1) expert-based definition of performance
indicators based on framework’s performance domains;
(2) development of respective assessment metrics

based on preoperative planning and intraoperative
performance data; (3) implementation in mixed-reality

OR simulation and assessment of surgeons operating in

a confederate team. Statistical analyses included internal
consistency and interdomain associations, correlations
with experience, and technical and non-technical
performances.

Setting Surgical simulation center. Full surgical team set-
up within mixed-reality OR simulation.

Participants Eleven surgeons were recruited from two
teaching hospitals. Eligibility criteria included surgical
specialists in orthopedic, trauma, or neurosurgery with
prior VP or kyphoplasty experience.

Main outcome measures Computer-assisted assessment
of surgeons’ intraoperative performance.

Results Performance scores were associated with
surgeons’ experience, observational assessment (Objective
Structured Assessment of Technical Skill) scores and
overall pass/fail ratings. Results provide strong evidence
for validity of our computer-assisted SWBA approach.

WHAT IS ALREADY KNOWN ABOUT THIS
SUBJECT?

= Computer-assisted assessment in surgical simu-
lation is largely limited to the assessment of psy-
chomotor skills in decontextualized settings without
involvement of the operating room (OR) team.

= Conversely, competency-based medical education
requires a holistic and authentic assessment of sur-
gical competency in settings mimicking the work-
place environment.

WHAT ARE THE NEW FINDINGS?

= The universal framework of intraoperative perfor-
mance can serve as a seminal guide to development
of computer-assisted assessment that encompass-
es technical and non-technical competencies.
Assessment in a simulated mixed-reality workplace
environment resulted in high levels of perceived au-
thenticity and yielded strong evidence for validity.

HOW MIGHT THESE RESULTS AFFECT FUTURE
RESEARCH OR SURGICAL PRACTICE?

= Computer-assisted assessment of intraoperative
competencies in authentic, simulated OR settings
complement conventional workplace-based assess-
ment with a safe, controlled and objective assess-
ment approach, without cutting ties with surgical
practice.

Diverse indicators of surgeons’ technical and non-
technical performances could be quantified and captured.
Conclusions This study is the first to investigate
computer-assisted assessment based on a competency
framework in authentic, contextualized team-based

OR simulation. Our approach discriminates surgical
competency across the domains of intraoperative
performance. It advances previous automated assessment
based on the use of current surgical simulators in
decontextualized settings. Our findings inform future use
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of computer-assisted multidomain competency assessments of surgeons
using SWBA approaches.

INTRODUCTION

With the ubiquitous adoption of competency-based
models in surgical education, entrustment decisions for
unsupervised practice are based on summative assess-
ment of performance as well as formative assessment
to guide residents’ acquisition of key competencies.' *
Contrary to previous time-based educational models,
competency-based medical education (CBME) requires
authenic, workplace-based assessment (WBA). WBA shall
apply multiple objective measures to guide decisions
based on criterion-referenced competency scores with a
focus on outcomes within real-world surgical practice®*
(see also online supplemental table Al).

Although WBAs are desirable and will be the primary
assessment setting for the foreseeable future,' they are
severely limited by numerous factors including cost,
patient safety concerns, or non-standardized settings.”
Therefore, simulation is proposed as a complemen-
tary assessment setting.” However, current simulation
approaches either rely on subjective methods for assess-
ment” or solely focus on norm-referenced assessment of
technical psychomotor skills (PMS) in decontextualized
settings."”™" We thus introduce a novel contextualized
computer-assisted simulated workplace-based assessment
(SWBA) method. Our approach is based on the universal
framework of intraoperative performance and enables
objective, criterion-referenced competency assessment
across the technical—non-technical continuum of intra-
operative performance. Framing the assessment in an
authentic, simulated work environment, we provide a
format that reflects the competency demands of surgical
operating room (OR) practice.

The universal framework of intraoperative perfor-
mance has been proposed by Madani et al'* to define
expert intraoperative surgical performance.'* It draws on
a holistic conception of surgical competency, dissolving
the contemporary dichotomization of skills as either
technical or non-technical. The framework proposes five
key performance domains: psychomotor skills (PMS),
declarative knowledge (DK), interpersonal skills (IPS),
personal resourcefulness (PR), and advanced cognitive
skills (ACS). It further emphasizes the key role of ACS in
surgeons' intraoperative decision-making and behavior.'*

Our approach facilitates overcoming current deficits of
performance assessment in surgery: observational assess-
ment of surgeons’ competence is time-consuming and
fraught with bias, as it relies on the judgment of individual
assessors. Although subjective judgments can be a valu-
able source for performance feedback if treated carefully,
subjectivity may spur bias. Assessment quality depends
predominantly on faculty assessors, their availability,
commitment, and training.1 15 por reliable assessment,
up to >7 expert assessors are required.'® Furthermore,
many contemporary methods result in generic scores that

allow only limited insight into performance gaps and do
not meet the requirements of individualized, meaningful,
and case-specific feedback.' Additionally, not all aspects
of surgical performance are amenable to visual evalu-
ation by expert observers.!” To this end, observational
assessments are not effectively capturing key aspects of
surgical performance that ultimately contribute to proce-
dural outcomes.'” '

Current computer-assisted (also termed computer-
aided) assessments, on the other hand, are predomi-
nantly norm-referenced' and focus on psychomotor
aspects of surgical technique with insufficient consider-
ation of cognitive and non-technical skills."' '* Available
assessments are almost exclusively situated within decon-
textualized, non-OR settings, without any team involve-
ment.'” ' Lastly, the majority of studies use outdated
frameworks to evaluate validity. This can lead to misinter-
pretations of surgeons’ performance and spurious educa-
tional decisions.”

We therefore adopted the universal framework of intra-
operative performance with use of computer-assisted
performance metrics for application in a team-based
simulated OR setting. Our approach thus contributes to
several shortcomings: first, it allows for accurate, objec-
tive assessment of surgeons’ competence and enables
immediate formative feedback.” Second, it comprehen-
sively captures competencies within the broad continuum
of technical and non-technical performance. Third, it
embeds assessment in the larger context of a team-based
simulated workplace setting and provides a stimulus
format authentically mimicking real surgical practice in
the OR. Finally, we establish validity evidence according
to contemporary standards,” ™ which is a prerequisite
for systematic implementation of assessment tools in
surgical practice.”

Objectives

We introduce a novel automated SWBA that is based on

an established and current surgical performance frame-

work. Specifically, we aimed to

1. Operationalize the universal framework of intraoper-
ative performance and adapt it to the particular de-
mands of a spine surgery procedure (aim 1).

2. Develop computer-assisted assessment comprising
criterion-referenced metrics reflecting these key de-
mands and characteristics of intraoperative competen-
cy (aim 2).

3. Implement automated performance assessment in an
authentic simulated OR workplace setting involving a
multiprofessional team and evaluate validity evidence
with particular focus on ACS (aim 3).

METHODS

Design

Our multistage development process and investigation
consisted of the three consecutive steps:
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Step 1: adaptation of performance framework (per-

taining to aim 1, see previous discussion).

Step 2: identification and design of metrics (pertaining

to aim 2).

Step 3: implementation in simulated OR for compe-

tency assessment (pertaining to aim 3).

We followed the reporting guidelines for healthcare

simulation research.”* This study is part of a larger project
on OR workplace simulation in spine surgery.

Procedure

Step 1: adaptation of performance framework

We used the universal framework of intraoperative
performance' and adapted it to vertebroplasty (VP)
interventions. VP is part of postgraduate surgical training
curricula® and was selected as a frequent, prototypical,
minimally invasive spine surgery procedure with clear
outcome markers, addressing a broad range of skills
and involving the entire multidisciplinary surgical team.
The procedure involves percutaneous placement of a
large bore, hollow needle through the spinal pedicle
and subsequent injection of Polymethylmethacrylate
(PMMA) cement to stabilize osteoporotic vertebral
compression fractures. We reviewed the framework’s
competence domains, drawing on an expertinformed
cognitive task analysis (CTA),? literature,”® and previ-
ously published computer-assisted technical skill indica-
tors.'" Further, we sought to include an adjunct surgical
product (SP) outcome score. While not explicitly estab-
lished in the original framework, it is in line with the
authors’ proposed ‘general aims’ of the surgical inter-
vention: ‘understanding, removing, or fixing pathology;
restoring physiology and function; or restoring or altering
anatomy’ (Madani A, pp2589)'* All key performance
indicators relevant to VP were then assigned to the frame-
work’s domains by surgical experts. Potential disagree-
ments were discussed until consensus was reached.

Step 2: identification and design of metrics

We then established computer-assisted performance
metrics and target thresholds for criterion-referenced
performance assessment. This step was based on anatom-
ical characteristics of the actual patient case, published
empirical data, and best-practice guidelines. We provided
an interactive annotation tool that allowed surgical
experts to define case-specific target criteria, for example,
optimal areas of entry into the pedicle (online supple-
mental figure Al) or optimal cement injection sites.
All computer-assisted metrics subsequently underwent
iterative review and refinement by surgical experts until
consensus was achieved.

Building on a previously established and evaluated
simulation set-up for image-guided spine surgery,™ we
implemented our computer-assisted assessment into the
simulated OR setting. Data available for metrics appli-
cation comprised preprocedure planning data, intra-
operative performance data, expert annotations, and
segmentations of patient CT data (ie, labels for relevant

anatomy, such as vertebrae, large vessels, spinal cord,
facet joints, etc). This allowed direct relation of metrics
to surgeons’ treatment of patient-specific anatomy.

Step 3: implementation in simulated OR for competency
assessment

Setting

A full-scale simulated OR was set up with all necessary
equipment. We used a previously evaluated mixed-reality
approach to radiation-free, image-guided spine surgery
simulation to create an authentic simulated workplace
for VP intervention.”* The simulation environment may
also be classified as augmented reality (AR) because, as
opposed to virtual reality (VR), it is located rather on
the ‘real’ side of the mixed-reality spectrum, and central
components of the OR context are physically repre-
sented. Based on CT data of a patient with an osteopo-
rotic vertebral compression fracture, a patient-specific
synthetic spine model (L2 and parts of L1 and L3) was
three-dimensional-printed with two distinct materials
for cortical and cancellous bones.” This model was then
embedded in synthetic soft tissue (red-coloured gel wax)
and covered with synthetic skin (three layers of silicone
with different levels of firmness, mimicking skin, subcu-
taneous fat, and muscle tissue).** *® The synthetic patient
model was then placed between the two parts of a manne-
quin phantom in prone position on the operating table
and fully draped.

Our set-up included preoperative planning and enabled
the subsequent simulation of the complete intraoperative
VP workflow—from cut to suture. Our complete surgical
team consisted of a surgeon (ie, surveyed participant) and
a confederate OR team (ie, team members confederated
with the study team, instructed to act on their roles in
the simulated procedure) including an anesthesiologist,
a scrub nurse, and a circulating nurse (see figure 1). The
anesthesiologist’s workspace was set up at the patient’s
head behind the drapes, equipped with vital sign moni-
tors and a ventilator. The C-arm and the X-ray monitor
screens were placed opposite to the surgeon and oper-
ated by the circulating nurse. Surgeons used a foot pedal
to trigger simulated (radiation-free) X-ray acquisition. A
mobile instrument table with all necessary instruments
was positioned within the scrub nurse’s workplace, that
is, with marker pen, scalpel, jamshidi needle, hammer,
bone cement injector, clamps, and suture material. Addi-
tional pictures of our simulated workplace setting are
shown in online supplemental figures A3—-A5. The tasks
and interactions of the team members were, for example,
to monitor the patient and report the patient’s status
to the team (anesthesiologist), to control the C-arm as
instructed by the surgeon (circulating nurse), or to hand
instruments to the surgeon during the procedure (scrub
nurse).

Recruitment procedure and sample
Surgeons were recruited from two university teaching
hospitals, following snowball invitations via internal
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Figure 1 Simulated workplace for vertebroplasty: intraoperative scene during needle insertion with surgical team (anaesthetist

behind ether screen).

mailings (ie, we included in all e-mails and information
our request to forward the invitation to potentially inter-
ested colleagues within the department). The surgeons
were incentivized by offering them the opportunity to
participate in the assessment and receive feedback on
the outcome of the simulated surgical procedure. Eligi-
bility criteria included surgical specialists in orthopedic,
trauma, or neurosurgery with prior experience of VP or
kyphoplasty interventions.

A total of 11 surgeons participated (72.7% male; six
trauma surgeons, three orthopedic surgeons, and two
trauma and orthopedic specialists). Their tenure on the
job ranged between 0 year and 33 years (mean=7.82,
SD=9.38) and between 0 and 200 real VP procedures
performed previous to this study (mean=35, SD=9.38).

Simulated procedure

The study was conducted in an academic simulation
center. First, surgeons were introduced to the patient case
on a planning workstation outside of the simulated OR.
Then, they were asked to plan and enter needle trajecto-
ries for a bipedicular, percutaneous VP at L2. Afterwards,
participants entered the OR and were introduced to the
surgical team. All participants were allowed to sufficiently
familiarize with the set-up. After the scrub nurse helped
participants with gowning, simulation started. It ended
with the return of the suture material to the scrub nurse.
After the procedure, the participants had the option to
receive informal feedback from the study team and addi-
tionally review the simulated postoperative CT.

Data collection

1. Procedure planning data: preoperatively, planning
data for the VP procedure were obtained from each
surgeon, that is, trajectory data for needle insertion

(see online supplemental table A2).

2. Intraoperative performance data, serving as input to
performance metrics.

a. Motion tracking data of the needle, the C-arm, and
patient model. Data were postprocessed by remov-
ing extreme outliers (pairwise distances of subse-
quent positions 1.5 times the IQR above and below

lower and upper quartiles) and applying a Butter-
worth low-pass filter.”

b. Amount of bone cement injection, measured using
a custom developed cement injection device con-
nected via USB.

c. X-ray/fluoroscopy acquisition, measured by record-
ing foot pedal activation.

d. Intraoperative teamwork and performance were
video-taped (with two opposite cameras).

3. Survey data: After each simulation, surgeons addition-
ally completed a questionnaire evaluation of the sim-
ulation environment (rated on a 5-point Likert-scale:
I=strongly disagree, 2=disagree, 3=neither agree nor
disagree, 4=agree, and b=strongly agree).

Measures
1. Standardized observational assessment of surgeons’
technical performance was conducted by a chief
orthopedic surgeon using Objective Structured
Assessment of Technical Skill (OSATS).” OSATS
is currently ‘considered the gold standard in the
assessment of technical skills’ (Goldenberg and
Grantcharoyv, p125)38 and consists of (1) a task-
specific checklist, (2) a Global Rating Scale, and
(3) a pass-fail rating. Assessment of surgeons’ non-
technical performance was conducted by two trained
raters using Observational Teamwork Assessment for
Surgery (OTAS).” OTAS is a well-established tool
for OR teamwork assessment.”’ It measures five non-
technical skills essential to surgery. Each skill is mea-
sured along behavior exemplars: communication (eg,
verbal confirmation of procedure and intra-op re-
quirements), coordination (eg, assessment with nurse
on status of instrument preparation before start), co-
operation/backup behavior (eg, surgeon responds to
questions and requests from nurse), leadership (eg,
provides confirmation with nurse for specific surgi-
cal requirements ahead of action), and monitoring/
situational awareness (eg, reassess set-up and intraop-
erative requirements in advance). Both OTAS raters
underwent observational training before the onset of
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the simulation (including pairwise observations with
discussion of discrepancies).

2. Computer-assisted metrics were applied to data from
surgeons’ performances of the full VP procedure with
the complete surgical team, except for metrics for DK
which were applied to planning data.

Data and statistical analyses

As performance metrics from different categories differ in
units of measurement, we normalized values to unit-free
scores what facilitates interpretation and score accumu-
lation. Target normalization was applied if target (ideal)
and baseline (non-ideal) values were available. Other-
wise, we employed ratio normalization, that is, using the
minimum and maximum measurement values observed
over all participants to normalize single measurements."’
Cronbach’s alpha was computed to analyze intradomain
internal consistency, that is, pertaining to what extent
scores within one domain measure the same construct.
Spearman’s correlation was used to investigate interdo-
main associations of scores and associations of surgeons’
experience with observed technical (OSATS) and non-
technical (OTAS) performance scores. Wilcoxon rank
sum tests were used to test for group differences, for
example, between OSATS pass/fail group’s associated
computer-assisted assessment scores in the performance
domains. All statistical analyses were computed with R
V.4.0.2.

RESULTS

Step 1: adaptation of performance framework (aim 1)
Relevant indicators were identified and operationalized
according to the framework’s intraoperative performance
domains: PMS, DK, PR, ACS and an adjunct SP score (cf,
table 1).

PMS are ‘required for neuromuscular coordination of
various physical motions and motor functions into mean-
ingful sequences, whose outcome is the accomplishment
of simple tasks’(Madani et al, p258)."" Expert-defined
indicators were path lengths to reach relevant anatomy,
repositioning attempts, or target accuracy with respect
to the preoperative planned trajectory. DK pertains to
recitable facts, that is, knowledge of relevant anatomy,
physiology and pathology, surgical technique and instru-
ments, as well as literature-based knowledge regarding
various aspects of patient management such as risk
factors and complication rates.'* We operationalized this
domain using surgeons’ preoperative planning data (cf,
table 1). PR describes managing factors with surgeons’
ability to impact mental focus, stress, attentiveness, and
objectives.'* Here, we identified total operation time and
number of X-rays.*' ** ACS are defined as advanced mental
capabilities such as forward planning, error prevention,
and reassessment of the tactical approach with the team.
Corresponding indicators therefore quantify compliance
and deviation from the expected course of the operation
without harmful patient outcome.'* Indicators relevant to

VP include adhering to safety distances, avoiding viola-
tion of danger zones or, pertaining to communication,
coordination of C-arm adjustment with assistance from
the circulating nurse.”” Pertaining to VP, we defined
our SP adjunct as the injection of an adequate amount
of cement into the vertebra without causing leakage and
avoiding injury of critical anatomical structures.

Step 2: identification and design of metrics (aim 2)
We then identified and designed computer-assisted
metrics according to the framework (see previous step 1).
Online supplemental table A2 describes resulting metrics’
definitions, normalization, and score aggregation. Metrics
definitions were based on preoperative planning and
intraoperative performance data, that is, surgeons’ preop-
eratively planned trajectories, intraoperatively recorded
instrument trajectories, adjustments of the C-arm in
spatial relation to patient anatomy, X-ray acquisitions,
and cement injection data (cf, online supplemental table
A2, score definition). Criterion-referenced targets (ideal
performance) and baselines (non-ideal performance)
could be established for the majority of metrics (cf, online
supplemental table A2). Where possible, we used anatom-
ical properties or limits for target and baseline definition.
For example, in the needle insertion step, the target is
defined as the maximum anatomically possible distance
from the pedicle wall, the baseline defined as zero
distance from the wall (see online supplemental table
A2, ACS;;: safety margin pedicle wall). For other metrics,
we relied on published empirical data and recommenda-
tions. For example, the target value of cement injection
is defined as the mean of three recommendations for
optimal cemented fraction®* multiplied with the case-
specific volume of the vertebra (see online supplemental
table A2, SP,: volume of cement deployed in vertebra).
Where anatomical limits or recommendations were not
available, we established definitions using annotations
collected from n=4 experienced and senior surgeons who
were very familiar with this procedure. Online supple-
mental figure Al shows the resulting labelling of optimal
and acceptable areas for pedicle entry, used for metric
definition and normalization in the pedicle entry step
(see online supplemental table A2, ACS,: pedicle entry).
Total scores for PMS, DK, PR, ACS, and SP were aggre-
gated by summation of scores, except when highly critical
structures (ie, spinal cord, nerve roots, and large vessels)
were injured, in which case the SP score was set to 0 (see
online supplemental table A2).

Step 3: implementation in simulated OR for competency
assessment (aim 3)
We implemented the assessment in a contextualized full-
scale OR simulation of a VP procedure with 11 surgeons
within a confederate surgical team. We determined the
feasibility and sought to gather first evidence for validity
of our computer-assisted SWBA.

Mean procedure completion time for the two-sided
VP was 27.81 min (SD=9.87, range=9.68-41.87). Overall
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I

Table 1
operationalization with corresponding expert-defined performance indicators

Universal framework of intraoperative performance five-domain model,'* our SP adjunct and VP-specific

Intraoperative performance domain VP-specific framework operationalization

Related expert-based observational rating

Psychomotor skills (PMS)
Visuospatial skills, depth perception,
dexterity, bimanual coordination, hand-to-

PMS score
Path length soft tissue
Path length vertebra

OSATS GRS
Time and motion
Instrument handling

eye coordination

Needle positioning attempts

Accuracy with respect to plan

Pedicle entry
Vertebra target

Declarative knowledge (DK)
Knowledge of anatomy, physiology, and
pathology
Knowledge of surgical techniques,
procedural steps, and instruments
Knowledge of scientific literature

Pedicle entry

Vertebra target

Safety margins

DK score (preoperative planning)

Expert-defined entry area agreement
Expert-defined optimal entry point

OSATS GRS
Knowledge of instruments
Knowledge of specific procedure

Expert-defined optimal target point

Distance from pedicle wall

Danger zones

Pedicle perforation
Vertebra perforation

Injury of critical structures

Interpersonal skills (IPS)
Teamwork, communication, and cooperation
Leadership and management

Not operationalized

PR score
Time

Personal resourcefulness (PR)
Self-awareness and metacognition
Managing modulators of attention, stress,
and goals

Advanced cognitive skills (ACS)
Surgical planning and error prevention
Error recognition, rescue, and recovery

ACS score

X-ray visualization
Pedicle entry

Expert-defined entry area agreement
Expert-defined optimal entry point

Vertebra target

Expert-defined optimal target point
Error recognition, rescue, and recovery

Safety margins

Distance from pedicle wall

Danger zones

Pedicle perforation
Vertebra perforation

SP score
Cement amount
Cement leakage

Surgical product (SP)
General aims
Understanding, removing, or fixing
pathology
Restoring physiology and function
Restoring or altering anatomy

Table expanded on Madani et al (p258)."*

Total X-ray amount

Intraoperative planning and error prevention

OTAS
Communication
Cooperation/backup behavior
Leadership
Coordination

OTAS
Monitoring/situational awareness

OSATS GRS
Respect for tissue
Flow of operation
OSATS CL
Locate entry points
Team time-out
Skin incisions
Guide needle to pedicles
Insert needle through pedicles
Locate final positions in vertebrae
Cement injections
Needle removal
Skin sutures
Final C-arm image control

OSATS PF
PF rating

Injury of critical structures

CL, checklist; GRS, Global Rating Scale; OSATS, Objective Structured Assessment of Technical Skill; OTAS, Observational Teamwork Assessment

for Surgery; PF, pass/fail; VP, vertebroplasty.

procedure success rate was 72.73% (defined as comple-
tion without critical patient harm; that is, no highly crit-
ical structures were injured and therefore SP score>0).
After each simulation, participants evaluated the simu-
lation via a standardized questionnaire. Participants
appraised the authenticity of the simulation and prox-
imity to clinical reality. Surgeons expressed agreement
with the overall alignment of the simulation with real
VP settings (median=4, IQR=1), strong agreement with

workflow replication (median=5, IQR=0.5), and interac-
tion with the OR team members (median=5, IQR=0).

We then determined surgeons’ performance and intra-
correlation and intercorrelation within and between the
framework’s performance domains (see table 2). Intrado-
main internal consistency within performance domains
(Cronbach’s alpha) was at acceptable levels regarding
PMS, PR, and ACS (see table 2). Significant interdo-
main associations were observed between PMS and PR
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Table 2 Performance domain’s scores, internal consistencies, and interdomain associations

Interdomain associations

Statistics Internal consistency PMS DK PR ACS
Performance domain M (SD) Range Cronbach’s alpha Spearman r (P value)
Psychomotor skills (PMS) 0.53 (0.17) 0.27-0.78 0.74
Declarative knowledge (DK) 0.81(0.05) 0.72-0.87 N/A 0.24 (0.48)
Personal resourcefulness (PR) 0.34 (0.19) 0.10-0.70 0.66 0.66 (0.03) 0.25 (0.47)
Advanced cognitive skills (ACS) 0.62 (0.14) 0.42-0.80 0.79 0.57 (0.07) 0.01(0.98) 0.32 (0.34)
Surgical product (SP) 0.52 (0.39) 0.00-0.90 0.65 0.45(0.17) 0.10(0.77) 0.27 (0.43) 0.85 (<0.01)

Note: N/A (no variance), n=11 surgeons. Bold if p<0.05. Score range O=worst possible, 1=best possible performance, except for PR and some PMS
scores, where this corresponds to worst and best observed performance, respectively (see online supplemental table A1).

M, mean; N/A, non-applicable.

(p=0.03). Association of domain scores with our adjunct
SP was strong for ACS (p<0.01; see table 2).

Then we determined associations of automated perfor-
mance score with experience as well as expert-based
observational technical (OSATS) and non-technical
(OTAS) assessment scores (see table 3).

Regarding surgeons’ experience (job tenure; number
of procedures performed), we found strong associations
with ACS and with SP. Online supplemental figure A2
shows scores as a function of experience (job tenure) and
online supplemental table A3 provides a breakdown of
participants into experience levels and their OSATS pass/
fail rating, SP and overall score. We further observed
medium to strong relationships between expert-rated
technical performance (OSATS) and computer-assisted
performance assessment: for ACS, SP and overall score.
Strong associations between expertrated non-technical
performance (OTAS) and computer-assisted assessment
were observed for ACS and SP.

In the next step, we investigated group differences
between surgeons pertaining to the OSATS pass/fail
rating. Figure 2 shows the corresponding box plot. Differ-
ences regarding overall score were statistically significant

(W=0, p<0.01). Per domain differences were statistically
significant for ACS (W=2, p=0.02) and SP (W=0, p<0.01).

In a final step, we used the OSATS pass/fail rating for
standard setting. Using the contrasting groups method,*
we determined a cut score of 0.54 for our computer-
assisted intraoperative competency score (see figure 3).
Applying this to our sample, five surgeons were classified
as non-competent (below cut score) and six surgeons
as competent (above cut score) with no false negatives
or false positives in comparison to expert-based OSATS
pass/fail judgment.

Lastly, we evaluated validity evidence for our approach
according to contemporary, unitary conceptualization of
validity® ™ across the five sources:

1. Content. Representativeness of the achievement do-
main was established by the rigorous foundation of
our simulation on expertinformed CTA* and a high
degree of contextualization of our simulation ap-
proach. This is underpinned by participants’ appraisal
of the authenticity of the simulation. Test item repre-
sentativeness is supported by the holistic characteristic
of the universal framework of intraoperative perfor-
mance and synthesis of our operationalization from

Table 3 Relationships between performance domain scores, surgeon’s experience, and observational performance ratings

Association with surgeon’s

Association with expert-based observational

experience ratings
Technical performance Non-technical

Job tenure Procedures (n) (OSATS) performance (OTAS)
Performance domain r (P value) r (P value) r (P value) r (P value)
Psychomotor skills (PMS) 0.10 (0.77) 0.02 (0.96) 0.49 (0.13) 0.15 (0.66)
Declarative knowledge (DK) -0.14 (0.69) -0.02 (0.95) 0.34 (0.30) 0.10 (0.78)
Personal resourcefulness (PR) 0.12 (0.73) 0.23 (0.49) 0.57 (0.07) 0.08 (0.82)
Advanced cognitive skills (ACS) 0.67 (0.02) 0.49 (0.13) 0.69 (0.02) 0.51 (0.11)
Surgical product (SP) 0.79 (<0.01) 0.72 (0.01) 0.88 (<0.01) 0.79 (<0.01)
Overall 0.52 (0.11) 0.44 (0.17) 0.84 (<0.01) 0.58 (0.06)

Note: n=11 surgeons. Bold if p<0.05.

OSATS, Objective Structured Assessment of Technical Skill; OTAS, Observational Teamwork Assessment for Surgery.
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Technical Skill pass/fail rating. ACS, advanced cognitive skill;
DK, declarative knowledge; PMS, psychomotor skill; PR,
personal resourcefulness; SP, surgical product.

multiple sources, that is, CTA, literature and expert
knowledge.

2. Response process. Scoring format and combination
are informed by the universal framework of intraop-
erative performance as a profound conceptual foun-
dation. Meaningfulness of score description and inter-
pretation are supported by criterion-referenced scores
facilitating interpretation. Our rigorous study design,
including standardized and computer-assisted data ac-
quisition, further supports validity of response process.

3. Internal Structure. Our computer-assisted automated
approach produced ratings that are reproducible, re-
liable, and free from bias pertaining to subjective ob-
servation. Intraitem/domain internal consistency is at
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Figure 3 Density plot of surgeon’s overall (accumulated)
scores with non-successful (red) and successful (green)
performance. Cut score determined using contrasting groups
method*® at 0.54 (dashed line). Note: attribution to group
according to Objective Structured Assessment of Technical
Skill (OSATS) pass/fail rating.

02 0.4

acceptable levels (see table 2). Interitem/domain asso-
ciations of scores (between performance domains) in-
dicate heterogeneity of constructs across the domains;
association with the overall SP outcome was strong for
ACS (see table 2).

4. Relationship to other variables. Observed associations
of computer-assisted assessment scores with further
metrics such as surgeons’ experience and technical
(OSATS) and non-technical (OTAS) performance
were considerable regarding overall score, and strong
for ACS and SP in particular (see table 3).

5. Consequences of testing. The educational relevance of
our automated assessment approach is substantiated
by statistically significant difference in scores between
surgeons in the pass/fail groups. Per domain analysis
of differences in particular supports the use of ACS and
SP scores as discriminators of competent performance
for summative decisions. The consequences of using
our approach to classify surgeons as non-competent or
competent are favourably supported by no false nega-
tives or false positives when opposing computer-assisted
classification with expert rater-based judgment.

DISCUSSION

Comprehensive, criterion-referenced, and authentic
assessment of intraoperative performance is key to eval-
uate surgeons’ competency and quality of surgical care—
and a cornerstone of CBME." ** We introduce a multistep
approach for operationalization of the universal frame-
work of intraoperative performance'* with definition of
respective performance indicators as well as its imple-
mentation in surgeons’ performance assessment using
computer-assisted metrics. Moreover, we demonstrate
its feasibility and report first evidence for its validity
within automated performance assessment in a simu-
lated procedure. Our findings thus contribute in several
aspects to current surgical knowledge base and educa-
tional practice.

First, we describe a methodology to use the surgical
performance domain constructs proposed through the
universal framework of intraoperative performance.14
After delineating the demands and characteristics of a
specific procedure (VP), experts defined meaningful
criterion-referenced performance indicators founded on
task analysis, anatomical constraints and empirical data.
Furthermore, we demonstrate how interactive annotation
tools can be used to obtain case-specific definitions based
on expert knowledge where such data are unavailable.
Our approach therefore can be readily transferred to
other surgical procedures beyond the field of minimally
invasive spine surgery. Our findings thus serve as a first
example for adoption of this widely acknowledged frame-
work and its performance domains to actual surgical
interventions and assessments. A wider adoption of the
framework would further help to standardize assessments
and limit the current inflation of assessment approaches
and constructs."”
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Second, we demonstrate how adoption of the frame-
work can be achieved through automated performance
assessments. We developed computer-assisted metrics
using preoperative planning and intraoperative perfor-
mance data in conjunction with procedural and case-
specific anatomy characteristics, and experts’ annotation
data. Our findings advocate that in the era of CBME,
computer-assisted assessments represent the next step
toward objective analysis of surgical performance that will
drastically advance the way surgical trainees learn and are
assessed.” In addition to objective and reliable scoring,
a particular strength of our assessment approach is the
direct relation of the scores to procedure-specific and
patient case-specific characteristics. This supports mean-
ingful criterion-referenced interpretation of assessment
results. Additionally, our approach considers a compre-
hensive range of competencies within the continuum
of technical and non-technical performance. It is thus
in contrast to previous computer-assisted assessments in
surgery which were almost exclusively limited to norm-
referenced assessment of psychomotor aspects of surgical
technique.' '* "

Third, we show how computer-assisted authentic
assessment of intraoperative surgical competency can
be applied in SWBA settings, particularly through highly
contextualized OR simulation. To our knowledge, this is
the first study to investigate objective, computer-assisted
assessment in a simulated workplace that is functionally
aligned with a full-scale OR setting. We furthermore
included a multiprofessional OR team, what is in contrast
to previous decontextualized, single-user benchtop
models or VR simulators.'’ This is of particular relevance
to CBME with its strong focus on assessments mimicking
real surgical tasks conducted in authentic settings ‘in the
trenches’.®® Empirical research has shown that the
stimulus format is the paramount factor that determines
validity of assessments.”” For integrated competency
assessment, simulations that closely approximate real
surgical performance are thus essential.” Furthermore,
high contextualization minimizes surgeon’s distortion
of the naturalistic and context sensitive responses, they
need to develop for real surgical situations.*® Our mixed-
reality approach allows for a simulated representation
of the procedure with little change to the environment
and resulted in a functionally active involvement of all
OR members. It includes many of the elements identified
as central for authenticity of simulated environments,*’
specifically, content drawn from real life (ie, patient-
specific simulation using real patient data), interaction
and feedback (ie, natural and dynamic interaction with
the patient and the team), performance expectations
(ie, full performance of the procedure lasting as long
as in real life), preparation of the environment (ie, real,
functional equipment and devices), presence of a patient
manikin, logical and adaptive scenario and sociological
fidelity (ie, including all members of the interprofessional
team). Accordingly, surveyed surgeons appraised the
authenticity of our simulation in general and regarding

procedural workflow and interaction with team members
in particular.

Fourth, we establish first empirical evidence for validity
of assessment based on the universal framework of intra-
operative performance.'* We evaluated our approach in
the light of all five sources of evidence for validity.”** Our
findings further yield, for the first time, empirical insights
into the interactions between the performance domains
and their relation to surgeons’ experience, competency,
and surgical outcome. Interdomain associations of perfor-
mance scores showed no overly strong relationships.
This suggests that, as intended, we measured conceptu-
ally different performance types.'* Notwithstanding, we
observed meaningful associations between some domains.
This observation warrants further research into potential
overlaps and similarities during intraoperative practice,
for example, the role of PMS for PR. Regarding surgeons’
experience, we identified a substantial association with
ACS. Given our limited sample size and sample’s inter-
mediate level of experience, however, this finding should
be interpreted with caution. Perhaps even more relevant
to surgical practice, we found a considerable association
between domain scores (PMS, DK, PR, and ACS) and
observational technical-skills assessment (OSATS). Post
hoc, we assume that the framework’s performance scores
representing technical aspects of competency are well
appraised by expert raters through observational assess-
ments; this association was particularly pronounced for
ACS. The consequences of using our assessment approach
to classify surgeons’ performance as non-competent or
competent is favourably supported by no false negatives
or false positives in comparison to expert-based OSATS
pass/fail judgment in our sample.

Finally, we found that our ACS metric is central to
surgical expertise, patient safety, and outcome.'* We
obtained significant group differences for ACS between
groups of successful versus unsuccessful performance
outcomes (ie, OSATS pass/fail). We also observed
moderate yet non-significant associations between ACS
and non-technical skills what may tentatively confirm
the key role of ACS encoding higher cognitive functions
during intraoperative task performance and surgical
teamwork.'"* Moreover, high correlations between our
SP score and surgeon’s experience, technical and non-
technical performance support the applicability and
validity as a global outcome assessment. Together, these
findings suggest that ACS and SP should serve as the
central markers of outcome-relevant competency to
guide decisions in summative assessment. Immediate
assessment outcomes could inform decisions whether
a corresponding competency milestone goal has been
achieved or if entrustable professional activities (EPAs)
can be granted to junior surgeons.*

Regarding potential formative assessment in the future,
our automated assessment approach facilitates immediate
feedback and fulfils the requirement to provide individ-
ualized, meaningful, and case-specific guidance.'* This
may help to design curricula ‘that target and deliberately
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train non-experts to think and behave like experts’*®*%?;

for example, through granular and immediate perfor-
mance feedback in case of insufficient technical or non-
technical performance. A particular benefit emerging
from the framework used is that learner feedback can be
specifically directed to performance domains and skills
requiring special developmental guidance.

Limitations

Our approach has some limitations that should be
acknowledged. We laid out our use of performance
metrics specifically to minimally invasive spine surgery.
Although various of our metrics are generic to surgical
performance, such as accuracy, precision, pace, and use of
intraoperative imaging, further investigations into further
performance metrics are necessary, for example, for open
procedures. Although we used a systematic approach to
obtain expert consensus on our performance indicators
and associated metrics, we cannot infer how specialists in
other surgical domains might appraise specific perfor-
mance outcomes. Given the vast advancements and adop-
tion of technology in surgical performance assessment, we
acknowledge that future adoption of computer-assisted
assessments will incorporate further performance indica-
tors, for example, intraoperative stress assessed through
ambulatory assessments. Our simulation environment
was based on a rigorous, in-depth development process
to authentically mimic an OR setting as well as multipro-
fessional surgical practice.27 Yet, surgeons might not have
performed to their fullest potential in the simulation,
for example, due to lack of familiarity with the setting
or hesitation to being observed. Participants other than
the surgeon were confederates to the study team. While
this helped to standardize assessment, it also added to the
costs and efforts in preparations and simulation planning.
Further limitations include our convenience sampling
approach and limited sample size. Future investigations
should include a larger number of participants and a
differentiated analysis of experience levels and subgroups
(eg, interns, residents, attendings, etc). Finally, the inter-
personal communication (IPC) domain suggested in the
original framework'* was not considered. Future studies
need to further apply all performance domains and
gather evidence for validity of assessment across different
surgical procedures and specialties beyond spine surgery.
Particular focus should be devoted to validity evidence
in terms of learners’ operative performance and patient
outcomes in the long term, thatis, functional or morbidity
outcomes.

Implications for research and surgical practice

Our approach may inform further research in several ways:
first, future investigations should scrutinize the utility of
the performance domain model in other surgical proce-
dures or conditions (ie, varying patient factors like high
acuity, high body mass index, pediatric vs adult, or unusual
anatomy). Moreover, our empirical findings concerning
the key role of ACS should be corroborated with particular

attention to implications for patient safety and surgical
outcomes." Second, the range of skills covered should
be broadened further toward non-technical aspects. The
domain of IPC should be incorporated using computer-
assisted assessment, for example, employing machine
learning techniques,* and association with non-technical
observational assessment scores (eg, OTAS) should be
investigated. Such assessments need to provide criterion-
referenced indicators relating to competencies such as
communication, teamwork, or leadership. Moreover,
investigations should address how automated assessment
results can be best formatted and fed back to support
interpretation and provide idiosyncratic guidance, that is,
feedback which is ‘individualized, meaningful, and case-
specific’."*®* Third, assessments and validity evidence
should be further extended to cover the entire surgical
team. It should be of particular interest, how intra-team
coordination and cooperation can be automatically and
objectively assessed and interpreted with regard to proce-
dure and case-specific demands."* Assessments therefore
need to include team members other than the surgeon
as surveyed participants and criterion-referenced perfor-
mance indicators have to be developed to also capture
their intraoperative performance. Fourth, operation-
alization of the universal framework of intraoperative
performance should be implemented in traditional obser-
vational work-based assessments in real OR settings, even-
tually reducing the current inflation of assessment tools'?
for different specialties and aspects of performance (ie,
technical and non-technical). Moreover, consistency of
participants’ intraoperative performance should be inves-
tigated in both, the real OR and contextualized simula-
tion setting. For summative assessment, the correlation
of assessments in both settings is of particular interest as
part of the validity argument.” Regarding formative assess-
ments, investigations into individual as well as joint effects
of assessment and feedback in contextualized simulation
settings on patient outcomes and surgical performance
should be of particular interest (ie, by using a prospective
pre intervention—post intervention design).

Concerning implications to surgical practice, our
approach draws on the principles of CBME and advocates
objective criterion-referenced assessment of a compre-
hensive range of competencies in authentic and contex-
tualized simulated surgical tasks as a complement to
traditional workplace based assessments. Our computer-
assisted assessment approach may complement rater-
based observational assessment, which is time-consuming,
inherently subjective, and therefore fraught with different
biases.' Yet, it shall not be intended as a replacement.
Some degree of subjective professional judgment may
actually be considered a necessary element of assessment
as it can provide valuable feedback and add to a more
authentic and holistic appraisal of learners’ competence
enhancing the validity of assessments.*

Computer-assisted assessment in simulated workplaces
allows standardizing many of the factors that affect assess-
ments in real workplace environments, for example,
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effects for raters, the specific patient or scenario, and
concurrently enables efficient assessment of key compe-
tencies in an OR context.” Standardization supports the
scoring and generalisation argument; contextualization
strengthens the extrapolation argument of assessment
score validity.” Standardization is of particular interest in
formative assessment where alignment with the individual
developmental needs of surgical trainees is required.
Here, our approach can help to establish required case
numbers and cover variation in operative conditions in a
structured way.'® In summative assessment, our approach
contributes to establishing a balance between standard-
ization and contextualization of assessment criteria.”’ "'

CONCLUSIONS

We introduce a novel approach for computer-assisted
assessment that adopted the universal framework of intra-
operative performance in an authentic mixed-reality
OR simulation. Our approach meets the fundamentally
new requirements of CBME for objective, criterion-
referenced assessment of outcome-relevant knowledge
application in authentic settings mimicking the real
surgical workplace.' ** While WBA in the OR remains
important to reflect complex and variable demands of
real-world surgical practice, we showed that our comple-
mentary approach of computer-assisted assessment in
simulated workplace settings is feasible and perceived as
authentic by participants. Our investigation furthermore
provides first empirical insights and validity evidence
regarding application of the framework’s domain model
for intraoperative performance assessment. Through the
integration of a generic framework with procedure and
case-specific adaptability, our approach has the potential
to contribute to standardization and contextualization
of formative and summative performance assessments in
surgical education and practice.
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