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Abstract: Background/Objectives: Traditional neurosurgical training involves a steep learning curve. The
introduction of advanced simulation technologies, such as virtual reality (VR), provides an alternative method
for skill acquisition, allowing for repeated practice and objective assessment. This study focuses on evaluating
the learning curve associated with lumbar pedicle Kirschner wire insertion using a virtual fluoroscopic
simulator among neurosurgical residents. Methods: Eighteen neurosurgery residents and two interns
participated in this study. Participants’ initial skill levels were assessed through a questionnaire. Performance
metrics, including insertion accuracy, time, and the number of virtual X-ray scans, were recorded across
multiple attempts until a “practical learning plateau” was reached. Statistical analyses were conducted to
model learning curves, assess the correlation between pre-training experience and performance. Results: The
average number of attempts required to stabilize performance was 5.61. Learning rates varied, with some
residents showing rapid improvement while others progressed more slowly. Higher accuracy in wire
placement correlated with reduced usage on X-rays over time. However, experienced residents did not
necessarily learn faster, indicating potential challenges in adapting to new simulation-based methods. Post-
training feedback highlighted the simulator’s utility in increasing confidence and skill levels, although some
limitations in anatomical accuracy were noted. Conclusions: This study demonstrates the potential of virtual
simulation to enhance neurosurgical training by providing a controlled environment for repeated practice and
objective feedback. Simulation-based training can effectively complement traditional methods, though
individualized approaches may be necessary to accommodate varying learning rates among residents. Further
refinement of simulation tools and their integration into standard training curricula are recommended.

Keywords: neurosurgical training; pedicle kirschner wire insertion; virtual simulation; learning
curve; surgical skill acquisition

1. Introduction

Traditional surgical education, grounded in apprenticeship, didactic instruction, and skill
development, has long been recognized as a critical and gradual process [1]. Each surgical maneuver
follows a learning curve that is optimized through continuous understanding and repetition [2]. The
scientific literature emphasizes the substantial time and practice required to master a technical skill,
which involves a progression through various stages such as observation, imitation, independent
execution, and repeated practice [3]. However, despite numerous procedural repetitions during
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residency, intraoperative training faces significant challenges due to variability in exposure and
autonomy across different programs, rotations, case volumes, and healthcare system pressures [1,4].

The advent of new technologies has significantly contributed to reducing complication risks and
enhancing the performance of novice neurosurgeons [5-9]. For instance, advanced preoperative
imaging has revolutionized the understanding of anatomy and pathology, enabling more precise and
targeted surgical planning [10,11]. Although the complication rate has steadily declined with these
innovations, it remains essential for residents to participate in extra-operative programs to refine their
surgical skills and acquire new techniques. Historically, cadaver courses have been the gold standard
in surgical training, yet they also present limitations, including inadequate reproduction of surgical
pathology, variable cadaver quality, high costs, limited availability, and ethical-legal concerns [12—
14]. Consequently, there is a growing interest in integrating innovative methods for skill
development.

Advanced technologies such as virtual reality (VR), augmented reality (AR), and high-fidelity
synthetic models offer promising solutions by providing frequent practice opportunities and
enabling objective skill assessments [15,16]. Unlike past subjective evaluations, these technologies
offer quantifiable indicators of skill progression, facilitating the monitoring of trainee development
[17-19].

This study aims to evaluate and analyze the learning curve of a cohort of subjects with varying
levels of experience in performing lumbar pedicle insertion (Kirschner wire) using a virtual
fluoroscopic simulator (DuO - Mediability). The objective is to assess the impact of repeated practice
on skill acquisition and performance improvement, and to provide insights into how advanced
simulation technologies can be integrated into surgical training programs to enhance skill
development and reduce the risk of complications. By exploring these areas, the study seeks to
contribute to the optimization of surgical training methodologies and the advancement of surgical
education through the use of innovative technologies.

2. Materials and Methods

This study included 18 neurosurgery residents and 2 intern students. Each participant
completed a questionnaire to determine their level of expertise in lumbar pedicle K-wire insertion.
During the pre-training evaluation, morphometric measurements of the targeted pedicle in a virtual
model were recorded. Specifically, the measurements included pedicle height (PH), pedicle width
(PW), distance from the entry point into the pedicle to the anterior surface of the vertebral body (D),
pedicle area (PA), the angle between the trajectory of the transpedicle screw and the midline of the
vertebra (transverse angle - o), and the angle between the trajectory of the transpedicle screw and the
anatomical transverse plane of the spine (sagittal angulation - (3). These measurements were
calculated based on vertebral CT scan analysis provided by the tool.

During the simulation, all participants received the same frontal lecture on the surgical
technique, including video sessions and an explanation of the virtual simulator. The number of
attempts in lumbar pedicle K-wire insertion continued until each participant reached the "practical
learning plateau," defined as non-significant variability (X + Delta <25% of results) in performance —
measured as a combination of accuracy, timing, and the number of virtual x-ray scans—over the last
two attempts with an accuracy grade of 0 or 1. Specifically, accuracy of wire positioning was analyzed
by calculating the ideal dimension for pedicle screw insertion, based on the pedicle diameter minus
2 mm (e.g., for a 6 mm pedicle, a 4 mm ideal screw was considered). Accuracy was categorized
according to a 2mm system [20]: Grade 0 (no misplacement, whole screw is in the pedicle), Grade 1
(<2 mm of the screw is out of the pedicle), Grade 2 (between 2 and 4 mm is out of the pedicle), and
Grade 3 (>4 mm or the whole screw diameter is out of the pedicle). For each wire insertion, the
following data were recorded: total time of wire insertion (from start to end), number of virtual x-ray
scans and number of failed attempts/need to restart the wire insertion. After the training session,
participants completed a quality and self-evaluation questionnaire with a rating scale from 1 (Bad) to
5 (Excellent) to assess and document their personal perception of the technical skills acquired.
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Statistical Analysis

Each parameter analyzed will be recorded and analyzed. Python was used for statistical
analysis. To analyze the learning progress of each participant, we applied an exponential model to
the data representing the number of attempts and the frequency of failed attempts or restarts during
wire insertion. The model used is defined as: y = a®e”{-bex}, where y is the variable of interest, x is
the number of attempts, a is the initial number of failed attempts, and b is the learning rate, which
indicates how quickly the number of failed attempts decreases with each additional attempt.

By fitting this exponential model to the data, we estimated the learning rate (b) for each
participant for both the total time of wire insertion and the number of virtual x-ray scans. The model
was then evaluated using R"2, Akaike Information Criterion (AIC), and Bayesian Information
Criterion (BIC). This thorough analysis provides insights into the learning progress and model
quality, helping to pinpoint areas where participants may need additional training or support. In
addition to R"2, we utilized AIC and BIC to evaluate the model. These criteria balance model fit and
complexity by penalizing models with more parameters to prevent overfitting.

Finally, to measure how variables correlate, the Pearson correlation coefficient was calculated to
create a table showing the correlation between candidates’ personal questionnaire information and
learning variables.

3. Results

The study included 18 participants (10 male; 8 Female) with a mean age of 26,94 + 2,6 years with
an average residency year of 2.8 + 1.58 (2 students, 2 PGY-1; 4 PGY-2; 6 PGY-3; 2 PGY-4; 3 PGY-5),
with most participants not having attended another residency program before (75% - 12/18). Pre-
training questionnaire showed a relatively low attendance at cadaver labs and spine simulation
courses, with 20% and 40% participation, respectively as well as experience in lumbar pedicle K wire
insertion, with most participants having performed fewer than 50 procedures (65% and 45% as First
or second operator, respectively). Experience with spinal intraoperative navigation systems is also
limited, with 65% having little to no experience. Table 1 summarizes results provided by pre-training
questionnaire.

Table 1. Summary of results of Pre-training questionnaire.

2 (11,2%) Students,
2 (11,2%) PGY-1;
4 (22,3%) PGY-2;
6 (33,4%) PGY-3;
2 (11,2%) PGY-4;
3 (16,7%) PGY-5

A
Year of residency varege years

2.8+1,58

Have you attended another residency program before?
Ever attended cadaver Lab?
Ever attended Spine simulation course?
How many lumbar pedicle K-wire insertion or screw
insertions as
FIRST operator have you performed?
How many lumbar pedicle K-wire insertions or screw

insertions as

Yes: 3/20 (15%)
Yes: 4/20 (20%)

Yes: 8/20 (40%)

0: 13/20 (65%)

0: 9/20 (45%)

No: 17/20 (75%)
No: 16/20 (80%)

No: 12/20 (60%)

<50: 7/20 (35%)

<50: 9/20 (45%)
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SECOND operator?
Experience in spinal intraoperative navigation system? 13/20 (65%) 7/20 (25%)
Gaming activity? 8/20 (40%) 7/20 (45%)

Based on analysis of the pedicle's morphology and screw trajectory, a relatively medium in size
with moderate transverse and sagittal angulation identified in right L1 pedicle on DuO — Mediability
simulator was choose as target. The pedicle height was 8 mm with 7 mm width, while the distance
from the entry point into the pedicle to the anterior surface of the vertebral body was found to be 35
mm. Additionally, the pedicle area was calculated to be 42 mm?. The angle between the trajectory of
the transpedicle screw and the midline of the vertebra (transverse angle) was 26 degrees, and the
angle between the trajectory of the transpedicle screw and the anatomical transverse plane of the
spine (sagittal angulation) was 12 degrees. small pedicle size with moderate transverse and sagittal
angulation.

Results of performance analysis indicate that the average minimum number of attempts
required for participants to stabilize their performance in lumbar pedicle K-wire insertion was 5,61
(Figure 1). Two candidates (4 and 17) were excluded due to the impossibility of accomplishing the
training program.

Minimum Attempts for Stabilization by Candidate

Average (5,81 attempts

e
u

Candidale
o
=

0.0 2.5 5.0 1.5 100 12.5 15.0 17.5
Min Attempts

Figure 1. Graphic representation of minimum attempt before performance stabilization for each
candidate.

Overall, the total number of attempts recorded across all candidates was 158. The analysis
revealed that the average time per attempt was 79,43 + 63,85 seconds. The analysis showed significant
variability among participants with an average insertion time from 257,3 seconds across three
attempts to 43,5 seconds over six attempts. Also, the "Actual Initial Times", meant as time to perform
the first K-wire insertion, varied significantly among the candidates, ranging from 41 to 442 seconds.
Results of "Learning Rates (b)" analysis showed significant differences in the speed of skill
acquisition; for example, candidates like 1 (b = 0,45), 10 (b = 0,50), 15 (b = 0,48), and 18 (b = 0,52)
demonstrated rapid improvement, while Candidates 3 (b =0,20), 5 (b =0,22), 6 (b =0,18), and 13 (b =
0,19) showed slower progress. Graphic representation of learning curve in wire insertion timing are

represented in Figure 2. Results regarding analysis of wire insertion times are summarized in Table
2.
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Figure 2. Graphic representation of performance curve in wire insertion timing for each candidate.

Table 2. Summary of results regarding K-wire insertion time among all candidates.

Initial Initial Total  Average
Learning Total
Candidate Time Time R-squared  AIC BIC Time Total
Rate (b) Attempts
Real Estimated (seconds) Time
1 247 444,6  0,619676 0,891936 22,83798 21,0352 3 443 147,6
2 104 1151  0,106408 0,633535 90,40972 91,82582 15 825 55
3 41 45,5 0,013542  0,025826 25,96377  25,54729 6 261 43,5
5 92 102,3  0,039475 0,311961 91,92007 93,33617 15 1137 75,8
6 131 109,5  0,019792 0,05672  200,6345 203,0723 25 2137 85,4
7 92 103,7  0,162444 0,696709 15,13416 13,33139 3 227 75,6
8 147 210,1  0,493003 0,788116 50,86662 51,0255 8 356 44,5
9 135 1546  0,185886 0,76702 73,16335 74,13317 12 692 57,6
10 75 1343  0,548656 0,907802 15,80006 13,99728 3 147 49
1 134 1556  0,267577 0,86166 44,14864 44,30752 8 458 57,2
12 100 98,1 0,074085 0,349014 28,02522 27,2441 5 395 79
13 370 2325 -0,01733  0,011957 75,34427 75550315 8 2013 251,6
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14
15
16
18
19
20

124
137
147
442
70
100

118,7
2121
97,2
821,3
72,3
94,1

0,097761
0,462517
0,064351
0,660766
0,046154
0,141339

0,762936
0,974041
0,34435
0,814767
0,761403
0,304864

64,48589
22,52582
125,9857
28,19972
5,939382
32,81174

65,4557
21,7447
127,8745
26,39694
4,136606
32,03062

12

19

6
798 66,5
329 65,8
1038 54,6
772 257,3
198 66
315 63

The analysis of X-ray usage also provided insights into learning patterns. Overall, for 158 total
attempts, an average number of 14,41 + 4,42 of X-rays per attempt was identified. Even in X-rays
usage a significant variability was identified among the candidates with a minimum of 7,75 X-rays
per attempt to a maximum of 27,67 X-rays per attempt. "Initial X-rays Actual" varied among
candidates, serving as a baseline for assessing initial performance. Interestingly, the learning rate
analysis of X-rays usage showed lower improvement among all repetition, demonstrating that
despite a progressive reduction in K-wire timing positioning, some candidates did not reduce the
amount of X-rays performed. Graphic representation of learning curve in X-rays usage is represented
in Figure 3. Lower AIC and BIC values for candidates with high learning rates further supported the
model's adequacy. Results regarding analysis of X-rays usage are summarized in Table 3.

el M or Candidetc 1.0

[r—

ExeerenTisl Moge: for Canaiste L0

Fapancetiol Model for Caridate 9.0

Figure 3. Graphic representation of performance curve in X-rays usage for each candidate.
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Table 3. Summary results regarding number of X-rays performed among all candidates.

Initial X- Average
Initial X- Learning R- Total Total X-
Candidate rays AIC BIC Number
rays Real Rate (b) squared Attempts rays
Estimated of X-rays
1 20 18 0 0 052600307 3 55 18,3
1,27677236
2 23 27 0,104524 0,599956 15,755472817,1715732 15 199 13,2
3 16 16 0,053596 0,237058 6 84 14
1,021204261,43768532
5 16 20 0,005715 0,010304 7,364950468,78105087 15 291 19,4
6 12 14 0,000001 0 35,637569 38,0753206 25 367 14,6
7 7 6 0,264287 0,815052 3 32 10,6
0,830318532,63309395
8 32 33 0,240888 0,714263 6,178758256,33764133 8 107 13,3
9 12 13 0,010421 0,03574 12 174 14,5
1,937151780,96733848
10 19 32 0,53294 0,988765 -4,8819728 3 37 12,3
6,68474823
11 13 12 0,120486 0,726054 -1,6746968 8 62 7,7
1,83357989
12 17 16 0,051021 0,146098 1,344869550,56374537 5 72 144
13 16 11 0,098312 0,549855 2,474001862,63288495 8 152 19
14 15 16 0,040758 0,259591 5,1131686 6,0829819 12 150 12,5
15 28 47 0,590317 0,917167 4,40912918 3,628005 5 59 11,8
16 38 25 0,062087 0,256972 26,471503828,3603818 19 273 14,3
18 45 67 0,492511 0,451969 8,279681816,47690639 3 83 27,6
19 8 4 0,415229 0,748465 3,181426181,37865076 3 30 10
20 15 14 0,131258 0,391426 3,282444582,50132041 5 50 10

Among all attempts in 61 cases the K-wire positioning was considered incorrect (2 mm Pedicle
scale grade >2) with an overall accuracy across all candidates of 61,39%. Wire placement accuracy
varied from a 100% of correct placement rate to rates below 40% of accuracy. The performance
analysis showed that candidates with a 100% correct placement rate also demonstrated excellent
performance in timing and X-rays usage, while candidates with accuracy below 40% may need
additional practice. Repositioning attempts were also analyzed, providing an interesting correlation
between candidate with high accuracy and lower number of total repositionings (Table 4).
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Table 4. Summary of results regarding K-wire insertion accuracy among all candidates.
Total Correct Incorrect Total Repositions
Candidate Accuracy
Attempts Positions Positions Repositions per Attempt

1 3 3 0 100 3 1

2 15 14 1 93,3 9 0,6

3 6 2 4 33,3 0 0

5 15 7 8 46,6 3 0,2

6 25 5 20 20 11 0,45

7 3 3 0 100 0 0

8 8 8 0 100 2 0,25

9 12 9 3 75 3 0,25

10 3 3 0 100 0 0

11 8 8 0 100 1 0,125

12 5 2 3 40 1 0,2

13 8 3 5 37,5 1 0,125

14 12 7 5 58,3 4 0,33

15 5 4 1 80 1 0,2

16 19 10 9 52,6 8 0,42

18 3 2 1 66,6 6 2

19 3 2 1 66,6 0 0
20 5 5 0 100 0 0

Correlations between pre-training questionnaire responses and learning variables (Table 5)
indicated that the year of residency was moderately negatively correlated with learning rates for both
X-rays (-0,25) and time (-0,30), but positively correlated with correct placement percentage (0,22).
Experience with spinal intraoperative navigation systems was negatively correlated with correct
placement percentage (-0,25), but positively correlated with learning rates for X-rays (0,20) and time
(0,22). The number of lumbar pedicle K-wire insertions performed as the First operator was positively
correlated with learning rates for X-rays (0,18) and time (0,20), but negatively correlated with correct
placement percentage (-0,22).

Table 5. Pearson correlation between Pre-training questionnaire and candidates’ results.

X rays Timing Wire
Correct Percentage
Variables Learning Learning Rate Repositions per
of Positioning
Rate (b) (b) Attempt
Have you attended another
-0,1 -0,12 0,15 -0,05

residency program before?

Year of residency -0,25 -0,3 0,22 -0,18
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Cadaver Lab 0,05 0,07 -0,08 0,03

Spine simulation course 0,12 0,15 -0,1 0,05

How many lumbar pedicle K-
wire insertion or screw
0,18 0,2 -0,22 0,15
insertion as FIRST operator
performed?

How many lumbar pedicle K-
wire insertion or screw
0,22 0,25 -0,18 0,1
insertion as SECOND
operator?
Experience in spinal

intraoperative navigation 0,2 0,22 -0,25 0,12

system?

Gaming? -0,15 -0,18 0,1 -0,08

The post-training questionnaire results reflect a generally positive response from users (Table
6). The model's perceived utility achieved a high average score of 4,55, with most participants
assigning a rating of 5, indicating strong usefulness. However, perceived improvement during the
test was rated at 4,25 on average, though the variability suggests differing perception on the degree
of progress. Pointing perception of anatomical accuracy, the model received an average score of 3,95
highlighting some limitations. Overall, the simulator is viewed favorably, with a strong intent to use
it in the future (average score of 4,55) and broad agreement on its integration into training programs
(average score of 4,25), though enhancements in anatomical accuracy are needed.

Table 6. Summary of results of post-training questionnaire.

Std.
Mean min  max
Deviation
Using this model helps to increase familiarity and to acquire
4,55 +0,75 3,0 5,0
neurosurgical skill
After using this model I feel more confident in performing
3,8 +1,05 2,0 5,0
lumbar pedicle K-wire insertion
After using this model I feel more confident in the use of
41 +0,44 3,0 5,0
fluoroscopy for lumbar pedicle K-wire insertion
After using virtual simulator I feel more confidence in
4,25 +0,96 2,0 5,0
recognizing anatomical structure with aptic feedback
During the test I noticed a progressive improvement in my
3,95 +0,94 2,0 5,0
performance and accuracy
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This virtual simulator should be part of standard training
4,5 +0,68 3,0 5,0
curriculum, in addition to traditional training methods
I would like to use this virtual simulator at other times in
4,0 +1,02 2,0 5,0
my residency

4. Discussion

This study aimed to investigate the learning progress in spine surgery (lumbar pedicle K-wire
insertion) using a virtual fluoroscopic simulator among neurosurgical residents and students. The
findings reveal significant variability in performance across participants, underscoring the challenges
inherent in surgical training and the potential of simulation-based methods to enhance skill
acquisition.

One of the primary observations from this study is the considerable range in the number of
attempts required for participants to reach a stable performance plateau. On average, participants
needed 5.61 attempts to stabilize their performance, with notable differences between individuals.
This variability highlights the individual differences in learning rates and suggests that a one-size-
fits-all approach to surgical training may be suboptimal. Personalized training programs, tailored to
the specific needs and learning paces of each trainee, could be more effective in ensuring that all
residents reach the required level of proficiency. For example, by identifying trainees with less
efficient learning curves —those who progress more slowly or require more repetitions —educators
can tailor the training approach to provide additional practice and targeted feedback for these
individuals. This could involve increasing the frequency of simulation sessions or offering
supplementary resources to reinforce specific skills. Such a personalized strategy ensures that all
trainees, regardless of their initial learning speed, receive the necessary support to achieve
competency, ultimately leading to a more effective and efficient training process.

The study also sheds light on the relationship between experience and learning efficiency.
Interestingly, more experienced residents did not necessarily achieve faster learning rates. In fact, a
negative correlation was observed between the year of residency and the rate of improvement in both
X-ray usage and wire insertion time. This finding may suggest that experienced residents, who are
likely more accustomed to traditional techniques, might take longer to adapt to new methods or
technologies introduced through simulation. However, their experience positively correlated with
placement accuracy, indicating that while they may take longer to adjust, their overall skill level
remains high. This dichotomy emphasizes the importance of integrating new technologies like virtual
simulation early in training, allowing residents to become comfortable with these tools and
incorporate them into their skill set.

The use of virtual X-rays during the simulation provided additional insights into the learning
process. Participants who showed higher learning rates in reducing X-ray usage also tended to have
greater accuracy in wire placement. This correlation suggests that as trainees become more proficient,
they rely less on imaging guidance, reflecting increased confidence and precision in their manual
skills. Conversely, participants who struggled to reduce their reliance on X-rays also faced challenges
in improving their accuracy, indicating a need for targeted interventions to enhance their learning
outcomes.

Another significant finding of this study is the variation in wire placement accuracy among
participants. This variation could be attributed to differences in prior experience, familiarity with
similar procedures, or the ability to adapt to the simulation environment. The lower accuracy rates
suggest that additional practice and feedback are essential for these individuals to reach the desired
level of competence. The study’s data on repositioning attempts further supports this conclusion, as
participants with lower accuracy often required more repositioning, indicating difficulties in
achieving the correct placement on the first attempt.

The study also revealed important correlations between pre-training questionnaire responses
and performance outcomes. For example, prior experience with spinal intraoperative navigation
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systems was associated with faster learning rates in both X-ray usage and wire insertion time, though
it did not always correlate with higher accuracy. This finding suggests that while familiarity with
similar technologies can facilitate quicker adaptation to new tasks, it does not guarantee precision.
Therefore, training programs should emphasize not only the speed of task completion but also the
accuracy and safety of the procedures.

The post-training evaluations provided further evidence of the simulator's utility. Most
participants reported increased confidence in their ability to perform lumbar pedicle K-wire insertion
and in their use of fluoroscopy, indicating that the virtual simulation was effective in enhancing their
skills. However, some participants noted limitations in the anatomical accuracy of the simulator,
suggesting that while virtual simulation is a valuable tool, it may need to be complemented by other
training methods, such as cadaveric dissections or augmented reality systems, to provide a more
comprehensive learning experience.

The repeatability of virtual simulation presents a clear advantage in neurosurgical training.
Unlike traditional methods, where opportunities for practice are often limited by availability and
ethical concerns, virtual simulators allow for unlimited repetition of procedures. This capability is
particularly important for mastering skills that require precise execution, such as lumbar pedicle K-
wire insertion. By allowing trainees to repeatedly practice these skills in a controlled environment,
virtual simulators help to reinforce learning, build confidence, and reduce the likelihood of errors in
real surgical settings.

The limitations of this study include significant variability in individual learning rates among
participants, reflecting natural differences in skill acquisition and potentially affecting the
generalizability of the findings. The anatomical accuracy of the virtual simulator, while valuable for
practice, was somewhat limited, which may impact the transferability of skills to actual surgical
settings. The absence of a control group limits direct comparisons with traditional training methods,
a choice made to focus on the simulation's potential. The prior experience of participants with
conventional techniques may have influenced their adaptability to the new simulation technologies.
Lastly, the study's modest sample size, though sufficient for initial insights, may not fully represent
the broader population of neurosurgical residents.

5. Conclusions

In conclusion, this study highlights the value of virtual simulation in neurosurgical training and
spine procedures. The results suggest that while there is significant variability in how quickly and
accurately trainees learn, simulation-based training offers a powerful tool for improving surgical
skills. The ability to repeatedly practice procedures, receive objective feedback, and track progress
over time makes virtual simulators an essential component of modern surgical education. Future
research should focus on refining these tools and exploring their long-term impact on surgical
performance in clinical settings and identifying when and for whom they are more proficient.
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