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2. STRUCTURED ABSTRACT
Purpose: Provide scientifically defendable criteria for critical surgical skills at key developmental
points in orthopedic residency.
Scope: This research explored the acquisition of fluoroscopically guided wire navigation skill through
training and assessment with novel surgical simulators. It developed ground-breaking analysis
techniques for assessing wire navigation performance in the operating room from surgical
fluoroscopy. The project expanded prior work to more residency programs and to two national
organizations: the Orthopaedic Trauma Association, which offers training programs to ~100 residents
twice annually, and the American Board of Orthopaedic Surgeons, which reviews the skills of 900
orthopedic surgeons annually.
Methods: Experiments involving orthopedic residents, trauma fellows, and faculty surgeons ranged
from simulator training, with associated refinements of both the simulators and training protocols, to
evaluation of surgical skills in the operating room. Image analysis methods were developed to
objectively evaluate surgical performance based on measuring clinically relevant outcome metrics
from intra-operative fluoroscopic images. These methods produced comparable scores whether used
by experts or novices.
Results: Simulator training was demonstrated to improve wire navigation skills, both on the simulator
AND in the operating room. Performance improvements from simulator training were shown to be
comparable to those from experience accrued in the operating room. Simulator performance scores
indicative of competence were established, and we demonstrated that training with the simulator
allowed residents to attain these scores. Finally, wire navigation skills developed while training on
specific simulator tasks were generalizable to other wire navigation tasks.
Key Words: Orthopedic trauma, surgical skills training, operating room performance evaluation

3. PURPOSE
The long-term goal of this research is to develop the scientific evidence needed to bring competency-

based evaluation of surgical skills to orthopedics. The objective of this series of studies was to provide 
the orthopedic training community with scientifically defendable criteria for critical orthopedic surgical 
skills at three key developmental points in surgical residency: ready to operate, ready to lead a surgery 
supervised by faculty, and ready for independent practice. The central hypothesis of this work was that 
orthopedic surgical skill competence can be objectively, quantitatively, and reliably measured from 
surgical results that impact patient safety. This hypothesis is based on previous multi-institutional 
simulation studies conducted with residency programs throughout the Midwest region in the Midwest 
Orthopaedic Surgical Skills (MOSS) Consortium. The research explored training and assessment 
programs with several novel surgical simulators. It also explored ground-breaking analysis techniques for 
assessing operating room performance from surgical fluoroscopy and from computational, image-based, 
3D model reconstruction. This project further extended previous work to more residency programs and to 
two national orthopedic organizations: the Orthopaedic Trauma Association (OTA), which offers training 
programs to over a hundred residents several times a year, and the American Board of Orthopaedic 
Surgeons (ABOS), which reviews the credentials and skills of 900 orthopedic surgeons each year, 
certifying many to become official diplomates of ABOS.

The participation of these national organizations, which provide many potential research participants, 
created the opportunity for achieve exciting new research goals, including three specific aims. Specific 
Aim 1 was to measure orthopedic trauma surgery skill through surgical results. The working hypothesis 
for this aim was that surgical skill in orthopedic trauma can be measured by analyzing radiographic 
images associated with a surgery. Specific Aim 2 was to develop simulator-based training programs that 
improve surgical results. The working hypothesis was that residents who practice key skills until 
achieving proficiency perform better in the operating room than residents without training. Specific Aim 
3 was to define simulator-based assessments that generalize to clinical performance. The working 
hypothesis was that simulator assessment measurements can discriminate among levels of surgical skill 
and can also generalize across surgical tasks and between simulation and clinical practice.



A final objective of this research has been to provide a safe environment for orthopedic surgeons to 
acquire valuable experience without putting patients at risk. It also helped establish reliable measures of 
clinical performance competency and their potential use for credentialing and certification. As new 
simulation capabilities become available over the ensuing years, this work has successfully shown the 
way from development to changing practice.

4. SCOPE
The time has come for the scientific measurement of surgical skill to be incorporated into the 

apprenticeship model of surgical training. For surgical training in the United States generally, and for 
orthopedic trauma surgery in particular, the attainment of competence is certified primarily by the 
completion of a surgical residency, performance on standardized tests, review of sample cases, and 
evaluation of surgical logs. Surgical skills are not objectively or systematically assessed in the operating 
room. Resident skill attainment varies, partly because people learn different skills at different rates and in 
different ways but also because training opportunities are uneven. Patient census varies so that each 
resident is presented with different learning opportunities during each fixed-length rotation. It is unlikely 
that all residents have achieved competence in all skills in the same time interval, yet the march through 
residency advances: steady, inflexible, and relentless. De-emphasizing this time- and quantity-based 
paradigm and focusing more on individual resident competency requires a better definition of what skills 
are needed at each stage in residency and how these skills may be reliably measured. This will ensure 
that residents are prepared to handle the responsibilities they are given while ensuring patient safety.

Surgical competence is a collection of skill, knowledge, and judgment, incorporating both technical 
and nontechnical components. Operative competence is broader, including a surgeon’s experience and 
more comprehensive understanding of a number of varied elements involved in leading surgery. A 
fundamental and pressing challenge preventing the movement towards competency-based education is 
establishing objective criteria for when a resident is ready to advance to the next level. Historically, the 
decision is based on time in training rather than on performance. Although there are clear milestones 
defining competencies expected of orthopedic residents, they are generally framed around subjective 
rather than objective assessment. Most such definitions inherently imply a minimum standard needed to 
be safe and/or the ability to perform the operation independently without help.

The use of simulators to train surgical skills has been increasing over the past two decades, but skill 
attainment on a simulator may not transfer to the operating room. The first step in linking simulator 
research to technical competence, the skill to perform the required steps of a particular procedure safely 
and successfully, depends on connecting simulator research to operating room performance. It is 
essential to define practical, sensitive, objective, and generalizable measures of surgical results that can 
differentiate experts from novices. Measuring surgical results well will drive evidence-based training, as 
training then becomes a challenge of producing surgeons who achieve quantifiably excellent results.

5. METHODS
Fluoroscopic Wire
Navigation Simulator 
Platform. Utilizing prior 
AHRQ funding, we 
developed an orthopedic 
surgical simulation platform 
that replicates the look and 
feel of navigating a wire 
through bone using 
fluoroscopic guidance 
(Figure 1). Two 
differentiating features of the 
platform are: (1) camera-
based tracking of a wire 
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Figure 1. (A) The fluoroscopic wire navigation simulator allows trainees to drive a surgical 
wire into a plastic bone mounted on the mast and hidden by a soft tissue sleeve. Simulated 
fluoroscope images allow the trainee to practice guiding the wire precisely into the bone. 
(B) The articular fracture reduction simulator uses an electromagnetic system to provide
real-time tracking of surgical tools and fracture models buried in a soft tissue sleeve.



replaces fluoroscopic radiation exposure, and (2) a foam bone surrogate replicates the feel of drilling 
through actual bone. We initially developed this platform to simulate the navigation of a wire in the 
treatment of intertrochanteric hip fractures. We have since shown that the platform is extensible to other 
orthopedic applications. A small company, led by members of our team, has licensed the technology to 
inexpensively produce the simulator. After several years of development and testing, this and related 
wire navigation simulator modules are currently used twice annually at fracture courses for residents. 
Specific Aim 1: Measure orthopedic trauma surgery skill through surgical results
Meaningful Measures of Surgical Performance. In other prior AHRQ-
funded work, we evaluated the transfer of training on the wire navigation 
simulator in both a mock OR and in the real OR. This allowed us to 
differentiate performance improvements caused by simulator training 
from those accruing with experience. For each specific procedure, we 
define consistent, clinically important measures common to both the 
simulator and the actual OR. For intertrochanteric hip fractures, 
residents were assessed in the mock OR based on their use of 
fluoroscopy, total time, and tip-apex distance (TAD – Figure 2). A large 
TAD, a measure of the distance between the tip of the wire and the apex 
of the femoral head, is a strong predictor of later implant failure. For this 
reason, a central surgical objective is to minimize the TAD, but it can 
come at the cost of substantial fluoroscopic radiation and greater 
operative time when skills are poorly developed. Residents who trained 
on the simulator had a lower TAD than those who did not (p=0.001), and 
their performance on the simulator (TAD, image use, overall time) 
correlated with performance in the mock OR. 

tip-apex 
distance

Figure 2. We measure clinically 
important parameters from fluoro-
scopic images acquired in surgery to 
evaluate surgical performance.

Defining Competence Using Expert Performance. Our studies 
with residents training at various venues have established 
baseline expectations for resident performance on these 
skills. To define competence, we assessed the performance 
of 30 Orthopedic Trauma Fellows (experts near the pinnacle 
of their surgical training in orthopedic trauma) at the OTA 
Trauma Fellows course in 2019. Figure 3 plots probability 
density function fits for normalized composite scores from 
three cohorts of surgeons: residents with no training, 
residents with simulator training, and OTA Fellows. These 
results convincingly suggest that simulator training can 
improve resident performance to a level approaching that of 
experts, at least on the wire navigation simulator.
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Figure 3. Normalized composite scores of three 
cohorts of surgeons placing a hip wire on the 
simulator indicate: performance correlates with 
experience and training can boost performance.

Image-Based Decision Error Analysis Scoring. In the course of our work defining performance metrics, 
we found limitations in the use of simple “final result” measures (e.g., the TAD) that do not account for in-
the-moment decision making, a hallmark of performance. It is precisely during these moments that there 
is a unique opportunity to teach. We recently published work showing how surgical skill can be 
objectively measured from fluoroscopic images using an Image-based Decision Error Analysis (IDEA) 
Score. We evaluated performance both on our hip fracture wire navigation simulator and in the actual 
OR during fracture surgery. After examining fluoroscopic image sequences from 176 simulator trials and 
21 surgical cases, we identified erroneous skill behaviors that could be measured by comparing wire 
adjustments made between consecutive images against the goal of targeting the apex of the femoral 
head. A composite IDEA score integrating decision errors and the final TAD was defined to produce a 
single overall performance metric, with constituent metrics first normalized to the overall population. A 
higher IDEA score shows better performance. A score of zero matches perfectly the mean performance 
across all subjects, and deviations from zero denote performance away from the mean. The IDEA 
scoring method was used to objectively analyze 37,000 images from the simulator and 688 from the OR 
(Figure 4). The number of decision errors correlated with fluoroscopic image count on both the simulator 



and in the OR (R2=0.76; p<0.001 and R2=0.71; p<0.001, 
respectively). Decision error counts did not correlate with 
the TAD for either the simulator or the OR, indicating that 
the TAD is independent of decision errors. The IDEA 
score correlated with surgical case experience in the OR 
(R2=0.66; p<0.001 – Figure 5). Overlaid simulator scores 
of trainee populations from Figure 3 further demonstrate 
the value of objectively assessing resident skill 
development directly from fluoroscopic image 
sequences. The IDEA score provides a basis for 
assessing skill proficiency at key timepoints in residency, 
such as when rotating onto/off a new surgical service and 
before performing certain procedures in the OR, and as a 
tool for debriefing and providing feedback after a 
procedure is completed. 

Figure 4. Decision errors highly correlated with image 
count (p<0.001), whether on the simulator or in the 
OR (i.e., amounts to increased radiation exposure).

This work showed how resident skill development can 
be objectively assessed from fluoroscopic image 
sequences. The IDEA scoring provides a basis for 
evaluating the competence of a resident. The score can 
be used to assess skill at key timepoints throughout 
residency, such as when rotating onto/off a new surgical 
service and before performing certain procedures in the 
OR, or also as a tool for debriefing/providing feedback 
after a procedure is completed. By setting a threshold to 
establish competency in wire navigation, an objective 
quantifiable basis for evaluation is made available. 

Residents Fellows

Figure 5. The composite IDEA score was highly 
correlated (p<0.001) with a resident’s case experience.

Using Fluoroscopic Image Sequences to Measure OR Performance. Our prior experience has shown 
that important insights can be extracted from a surgical fluoroscopic image sequence, including details of 
surgical strategy, surgical skill, and the quantitative assessment of the final implant placement. One 
challenge in obtaining these insights involves collecting detailed measurements from as many as 150 
images in a sequence for a long or complex surgery. Traditionally, surgeons may spend a half an hour or 
so analyzing the final one or two images of a sequence with whatever image analysis software they have 
available to assess the quality of the final implant placement, but relying on surgeons is cost prohibitive 
for exhaustively analyzing an entire sequence. Conventionally applied to assess the quality of implant 
placement based upon end-of-surgery images, assessors have refrained from analyzing the scores of 
images obtained throughout the operation 
due to prohibitive time and cost constraints. 

Figure 6. Illustration of the main interaction window of the custom 
tool developed using MATLAB. Left frame displays an annotated 
fluoroscopic image; right frame provides the image and annotation 
controls. A log in the lower right corner provides instructions, 
confirmations, and warnings. 

To address this challenge, we pioneered 
a semi-autonomous process involving 
artificial intelligence and customized image 
analysis software (Figure 6). The software 
speeds the sequence analysis so that 
dozens of surgical images can be analyzed 
by a non-surgeon minimally trained analyst in 
minutes rather than days. The original 
software is tailored toward the analysis of 
fluoroscopic sequences of a dynamic hip 
screw implant. The dynamic hip screw 
analysis provides the TAD, the actual versus 
desired wire trajectory, the duration of the 
surgical step, the number of images 
collected, and the wire entry point, some 
metrics that have been used to assess 



fixation quality. Four expert and four novice analysts 
performed an assessment on the same fluoroscopic 
image sequence by measuring one objective metric on 
each image using the custom software, while repeating 
the task using commercial medical imaging analysis 
software. We found that analysts could measure the 
objective metric three times faster when using the 
custom software without any significant difference in the 
measurement due to experience level (Figure 7). The 
software reduces the analysis time from 2.75 minutes to 
0.66 minutes per image. Details extracted from these 
images are useful in distinguishing expert from novice 
performance, especially when collecting a count of 
decision errors. These results suggest that a well-
designed fluoroscopy analysis system can facilitate 
inexpensive, reliable, and objective assessment of 
surgical skills.  

Figure 7. Comparisons of time required to complete 
evaluations using commercial vs. custom software for 
novice vs. expert evaluators. 

Semi-Automated Objective Measurement Algorithm vs. 
Expensive Subjective Expert Rating. The current 
standard for evaluating OR performance, a supervising 
expert surgeon using subjective rating scales, is prone to bias, exhibits poor repeatability, and scales 
poorly for high-volume use. Recent advances seek to remedy these concerns, but feedback to 
performers remains limited by assessor subjectivity. Objective structured analysis of intra-operative 
fluoroscopic images offers a less expensive, more consistent, and precise alternative assessment 
strategy. A recent adaptation of the software analyzes the fixation of pediatric supracondylar humerus 
fractures.96 We took an algorithmic approach to objectively quantifying fixation quality by measuring 
clinically relevant metrics from intra-operative fluoroscopic images. Image analysis and geometric 
relationships between the implants and fracture landmarks were used to quantify success in achieving 
fixation goals. To compare the algorithmic scoring with expert surgeon ratings, six fellowship-trained 
orthopedic surgeons independently rank-ordered fixation quality in 23 supracondylar humerus fracture 
cases based on fluoroscopic images obtained at completion of surgery. The inter-rater reliability of the 
six experts, measured by Cronbach’s alpha, was 0.78 (Figure 8). The maximum difference between 
expert individual rankings for any case varied 
between 5 and 22 ranking positions 
(mean=12). The correlation of the objective 
scoring algorithm to the subjective expert mean 
rank was 0.78, suggesting an effective R2 = 0.594
performance assessment tool that offers fewer 
barriers to providing surgeons quality 
feedback. The root-mean-squared error of the 
algorithm ranking with respect to the expert mean 
rank was 4.26, a lesser value than five of the six 
experts. The experts assessed skill with 
reasonable reliability. However, individual expert 
assessments substantially varied in some 
instances, confirming that the absence of a 
quantitative metric enabled notable disagreement 
on performance. A follow-up survey revealed that 
expert assessments were not very repeatable 
and that evaluators may welcome quantitative 
data. The algorithm-derived ranking agreed well with the mean rank of the six experts, suggesting an 
efficacious performance assessment tool for this surgical procedure that offers fewer barriers to providing 
surgeons quality feedback. 

Figure 8. Objective Algorithm vs. Expert Ranking



Specific Aim 2: Develop simulator-based training programs that improve surgical results
Simulator Advancements. Over the 
duration of this AHRQ funding, we have 
extended our fluoroscopic wire 
navigation simulator platform, developed 
originally for training hip fracture pinning, 
to simulate a wider range of applications, 
each with unique skills challenges 
(Figure 9). These simulators continue to 
be refined, piloted, and disseminated in 
the MOSS Consortium, at other U.S. 
orthopedic residency programs, and at 
OTA fracture courses. 

Figure 9. Fluoroscopic Wire Navigation Simulator Applications
• Hip Fracture (dynamic hip screw, intramedullary nail)
• Pediatric Supracondylar Humerus Fracture (three cross pins)
• Sacroiliac (SI) Joint Stabilization/Fusion (iliosacral screw)
• Lumbar Interbody Fusion (pedicle screws)

Hip Fracture Pediatric Elbow 
Fracture

SI Joint Fusion 
Lumbar Fusion 

Pediatric Elbow Fracture Simulator. To 
highlight but one new application, the 
pediatric elbow (supracondylar humerus) 
fracture simulator was designed to tackle 
the use of smaller diameter wires, the 
tracking of multiple wires, and the higher 
degree of precision required because of 
the smaller bones and sensitivity to wire 
position. In the course of this project, we 
first established that performance on the 
simulator, which we assess based on 
objective metrics of the final wire placement and the number of fluoroscopic images used, aligns with 
surgical case experience, and then we showed that training on the simulator improves skill performance. 

We first tested 18 surgeons at our institution, 15 orthopedic 
residents (4 PGY1, 5 PGY2, 6 PGY3) and three fellowship-trained 
staff surgeons. Each participant was instructed to place three 
diverging pins into the distal end of a Sawbones model. 
Performance was graded based on AP pin spread, lateral pin 
spread, mid-wire placement, and the total image count. We found 
that the AP pin spread increased with experience level and that 
significantly more PGY3 residents, already having logged 
comparable cases, scored above a clinical threshold of achieving 
an AP pin spread ratio of >1/3 (Figure 10). This goal is meaningful 
because the likelihood of loss of fracture reduction is much lower 
when the AP pin spread ratio is above this threshold. PGY3 
residents spread their surgical wires to cover 40% (SD 8%) of the 
fracture line in the AP plane and used an average of 41 (SD 14) 
images. Staff surgeons spread their wires to cover an average 
61% (standard deviation, SD, 13%) of the fracture line in the AP 
plane and used an average of 32 (SD 4.5) images to place the 
wires. The staff surgeons not only achieved a higher AP pin 
spread (p<0.01), well above 1/3, but they did so using fewer 
fluoroscopic images.

We next tested six PGY-2 residents, selected for training when 
they were still “pinning naïve.” The pre-simulator training 
curriculum included an 8-minute video on the basics of 
supracondylar humerus fractures from epidemiology, classification, 
surgical indications, and pinning goals. Additionally, residents completed three online modules focused 
on identifying the fracture line on fluoroscopic images, selecting appropriate pin placement, and 
assessing pin constructs. Residents were then assessed and trained on the simulator. They first 

Figure 10. More experienced surgeons 
achieved greater pin spread on the pediatric 
elbow fracture simulator. 



performed a pre-test in which they were asked to place three lateral, divergent, non-planar, bi-cortical 
wires into a pediatric distal humerus. Each resident then went through two training modules on the 
simulator, working on wire navigation skills and ideal pin placement with coaching of a senior level 
resident. A post-test was then performed in the same manner as the pre-test.

The AP pin spread ratio, 
number of fluoro images, and 
normalized composite score 
showed statistically significant 
improvement following training 
(Table 1). The mean AP pin 
spread ratio improved from 0.29 
to 0.53 (p=0.01). Three of six 
residents failed to achieve the 
goal AP spread ratio of >1/3 on 
the pre-test, whereas all residents successfully achieved this goal on the post-test. The mean number of 
fluoroscopic images improved from 49 to 31 images (p=0.02). The mean normalized composite score 
improved from -0.64 to 0.41 (p=0.01).

Table 1. Performance metrics for six residents in pre-test and post-test assessments.

A Novel Simulator for Fracture Reduction Skills. As a complement to our wire navigation simulator, we 
recently developed a simulator to train and assess the skill of fracture reduction in pediatric elbow 
fractures (Figure 11). The standard of care for surgically treating these fractures is closed reduction prior 
to percutaneous pinning. The reduction 
maneuvers follow a basic step-by-step 
process for reducing the fragment. The first 
step is applying gradual, longitudinal traction 
to bring the distal fragment out to length. It is 
important to not be overly aggressive to not 
disrupt the intact posterior periosteum. The 
traction should be applied with the elbow 
flexed about 20°. Keeping the elbow slightly 
flexed attempts to avoid the possibility of 
stretching soft tissues including the brachial artery 
and median nerve across the proximal fragment.

Figure 11. Fracture reduction simulator concept and 
implementation in a prototype form.

The pediatric supracondylar humerus 
fracture reduction simulator combines physical 
models of the tissues involved including bone, 
bone fragments, and soft tissue with computer-
generated images like those obtained in the OR, 
but without the radiation. This is done using an 
electromagnetic tracking system that provides 
real-time tracking of surgical tools and artificial fractures buried in a soft tissue model. The system 
provides quantitative feedback on a number of performance metrics including novel features, such as a 
sumative snapshot of fracture displacement over time.

We performed a study to determine if the simulator can differentiate between novice and 
experienced surgeons, with six subjects in each study group. The experiment included the reduction of 
three unique fracture patterns performed by each of the participants. Experts significantly outperformed 
novices in the number of images taken (count 464 vs. 713, p<0.001), the number of resets of the 
displaced fragment (count 12 vs 44, p = p<0.001), the jerkiness of the forearm’s tracking sensor 
(average 93 m/s2 vs. 163 m/s2, p=0.008), a final Euclidean distance error (average 9.83 mm vs. 11.4 
mm, p=0.036), and the normalized distanced traveled of the distal fragment (average 4.62 vs. 8.29, 
p=0.001). These results strongly suggest that the simulator can differentiate between the two skill levels 
of the participants, providing evidence to include this simulator in the traditional surgical training 
curriculum.



Specific Aim 3: Define simulator-based assessments that generalize to clinical performance
Generalizability of Fluoroscopic Wire Navigation Skills Learned on the Simulator. As noted above, we 
previously showed that practice on the simulator leads to skill transfer with a mock OR with real 
fluoroscopy and life-size models, when the skill being tested is identical to that being trained (center-
center wire placement in the femoral head). It remained to be established if this skill can generalize 
across surgical tasks. We tested if training on a femoral neck fracture simulation improves performance 
on placing a center-center wire for an intertrochanteric fracture.

This study took place at the 2019 Spring and Fall OTA Resident Comprehensive Fracture Courses. 
Across the two courses, 160 residents participated. Residents began by performing a baseline 
assessment, using the simulator to place a guide wire in a center-center position, trying to minimize their 
TAD, use of fluoroscopy, total time, and number of decision-making errors. Following the baseline 
assessment, the simulator software provided training related to wire placement in a femoral neck fracture 
surgery. In this task, residents were shown bubble targets for the specific three-wire configuration used 
to stabilize femoral neck fractures. Residents were given feedback as they performed the task; a 
projected line on the simulated fluoroscopic image helped show the residents their wire trajectory in 
bone. If they successfully hit their target, the animated bubble would pop, and the next wire target would 
be displayed. Following the training exercise, residents were asked to place another center-center wire, 
this time on a patient with a different anatomy than the earlier baseline assessment. The composite IDEA 
score was calculated for baseline and post-training assessments.

Of 160 residents that participated in the study, 129 completed the entire assessment and training 
protocol in the allotted time. At baseline, residents had an average TAD of 16 mm (SD 6.6mm), made 
14.3 decision errors (SD 8.4), and had a composite IDEA score of -0.04 (SD 0.7). Following the training, 
residents had an average TAD of 14 mm (SD 5.5mm), made 9.2 decision errors (SD 5.4), and had a 
cumulative score of 0.41 (SD 0.6). Residents improved significantly after training on all performance 
measures (p<0.05). When looking at residents with a baseline score less than zero (arguably below 
acceptable performance levels), 91% of residents improved their IDEA score on average 1 SD of 
performance improvement.

This study shows that when residents receive training on a three-wire configuration to treat femoral 
neck fractures, they can apply those skills to placing a center-center guide wire. Because the 
fundamental skill of targeting a trajectory in bone applies to both procedures, residents were able to 
generalize and transfer their skills, reducing the number of decision errors, their TAD, fluoroscopy use, 
time, and composite IDEA score. Furthermore, the greatest improvement was seen by the residents who 
needed the training the most. The results suggest that wire navigation is a skill in which basic training 
can be applied to other core orthopedic procedures.

Rigor and Reproducibility: Throughout our work, we make every effort to ensure that our research 
approach is scientifically rigorous and that our results are robust and unbiased. Simulators that are 
developed undergo extensive testing to ensure that their performance characteristics meet high 
standards for accuracy and reproducibility. We report these characterizations of simulator performance in 
peer-reviewed publications. Whenever possible, evaluations of surgical performances are blinded as to 
the identities, institutions, and level of training of the resident/surgeon. Only later in the process when 
statistical comparisons are made do these data get re-introduced into our analytical pipeline. The 
reproducibility of measurement methodologies are routinely tested by repeated measures analyses and 
studies of inter-observer variability in the measurements.

6. RESULTS (please see above for details)
Simulator training was demonstrated to improve wire navigation skills, both on the simulator AND in

the operating room. Performance improvements from simulator training were shown to be comparable to 
those from experience accrued in the operating room. Simulator performance scores indicative of 
competence were established, and we demonstrated that training with the simulator allowed residents to 
attain these scores. Finally, wire navigation skills developed while training on specific simulator tasks 
were generalizable to other wire navigation tasks.
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