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a b s t r a c t 

Background: Surgical simulation is a valuable educational tool for trainees to practice in a safe, standardized, 

and controlled environment. Interactive feedback-based virtual reality (VR) has recently moved to the forefront 

of spine surgery training, with most commercial products focusing on instrumentation. There is a paucity of 

learning tools directed at decompression principles. The purpose of this study was to evaluate the efficacy of VR 

simulation and its educational role in learning spinal anatomy and decompressive techniques. 

Methods: A VR simulation module was created with custom-developed software. Orthopaedic and neurosurgical 

trainees were prospectively enrolled and interacted with patient-specific 3D models of lumbar spinal stenosis 

while wearing a headset. A surgical toolkit allowed users to perform surgical decompression, specifically remov- 

ing soft tissues and bone. The module allowed users to perform various techniques in posterior decompressions 

and comprehend anatomic areas of stenosis. Pre- and post-module testing, and utility questionnaires were ad- 

ministered to provide both quantitative and qualitative evaluation of the module as a learning device. 

Results: 28 trainees were enrolled (20-orthopaedic, 8-neurosurgery) in the study. Pre-test scores on anatomic 

knowledge progressively improved and showed strong positive correlation with year-in-training (Pearson’s 

r = 0.79). Following simulation, the average improvement in post-test scores was 11.4% in junior trainees (PGYI- 

III), and 1.0% in senior trainees (PGYIII-Fellows). Knowledge improvement approached statistical significance 

amongst junior trainees ( p = 0.0542). 89% of participants found the VR module useful in understanding and 

learning the pathology of spinal stenosis. 71% found it useful in comprehending decompressive techniques. 96% 

believed it had utility in preoperative planning with patient-specific models. 

Conclusions: Our original VR spinal decompression simulation has shown to be overwhelmingly positively re- 

ceived amongst trainees as both a learning module of patho-anatomy and patient-specific preoperative planning, 

with particular benefit for junior trainees. 
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Medical education delivered via computer simulation has gained

opularity, as it allows novice trainees to practice skills with a steep

earning curve without the risk of training-related complications in

cute medical scenarios [ 1 , 2 ]. Virtual Reality (VR) is simulation using a

omputer-generated multimedia environment that allows trainees to in-

eract with 3-dimensional models. VR has been used in a variety of train-

ng scenarios including orthopaedic surgery, arthroscopic surgery [3] ,

ndoscopy, ophthalmology, neurosurgery, as well as spine surgery [ 4 , 5 ].

R training is attractive as it can improve practitioner performance in-

luding cognitive [6] and procedural, conferring performance improve-

ents in speed and accuracy across a wide range of procedures [7–9] .
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urthermore, VR training modules are independent of patient, cadaver,

r synthetic model availability allowing a cost-effective, minimal-risk

pproach to surgical training with graded, unlimited practice opportu-

ities [9–12] . 

The field of spinal surgery has also recently seen a marked increase in

ommercially available VR training tools, with a specific focus on min-

mally invasive spine surgery and pedicle screw instrumentation [ 4 , 5 ].

ecent reports on the efficacy of VR tools for this use are optimistic. Ran-

omized studies using VR pedicle screw training simulators comparing

erformance between VR-trained and traditionally trained groups found

hat those training with VR outperformed those in traditional learning

roups [ 13 , 14 ]. Similarly, residents and fellows improved in cervical

ateral mass screw placements in sawbones and cadavers following VR
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Fig. 1. Processing of patient-specific cross-sectional CT and MRI information allowed for identification and visualization of the relative position of both soft and 

hard tissues, and creation into a 3-dimensional spinal model. 
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imulation training [15] . While the variety of simulation types are lim-

ted, current simulation models have demonstrated validity as useful

raining models and improved performance [4] . 

Despite the surge of interest and tools available for training specific

spects of spinal surgery such as those for pedicle screw placements

nd vertebroplasties, no learning tools have been developed that specifi-

ally focus on teaching patho-anatomy and the principles underlying de-

ompressive surgery. Spinal surgical anatomy due to its complex three-

imensional nature can be difficult to conceptualize by trainees and lim-

ted opportunities exist for translation from textbook to in vivo appli-

ation [ 16–18 ]. The shift towards minimally invasive techniques fur-

her makes comprehension of key anatomical landmarks difficult given

he limited surgical exposures and visualization. Spinal decompressions,

ith or without instrumentation, requires a thorough understanding of

pinal anatomy, as neural element compression can occur at multiple

ites (i.e., central, lateral recess, foramen), and occur due to a multi-

ude of degenerative anatomical changes. VR simulation training offers

n opportunity to learn anatomy without the limitation of exposure,

atient risk, and time constraints of the operating room. With the peda-

ogical shift towards competency-based curricula [19] , augmenting tra-

itional learning models with VR simulation may provide further benefit

or trainees gaining essential competencies. 

The quality of decompression is the key element to successful lumbar

pine surgery for leg dominant symptoms and there is little incentive

or industry support for development of simulation models solely for

ecompression. To our knowledge no simulation model exists to teach

pinal anatomy and the principles of decompression surgery. The aim of

his investigation is twofold: (1) to develop a VR educational tool with a

-D interactive model of the spine that can be used to teach the surgical

natomy of spinal stenosis and the principles of decompression; and (2)

o evaluate the efficacy and acceptability by trainees of this VR simula-

ion model in the context of competency-based surgical education. 

ethods 

tudy Overview 

This prospective cohort study was conducted at the Orthopedic

iomechanics Laboratory at a large level-I trauma center. Orthopaedic

urgery and Neurosurgery residents were prospectively recruited and

nstructed to perform various decompressive techniques within the VR

odule. Each participant was categorized by post-graduate year and un-

erwent quantitative pre- and post-module testing on spine knowledge

xamination, as well as a qualitative assessment of VR module utility. 

Research ethics review was not required because the study met crite-

ial for exemption from such a review based on our institutional process

or confirming that the project was deemed improvement in quality and

ot human subject research. 
2 
atient specific model development 

A patient-specific, 3-dimensional model of a stenotic lumbar spine

as constructed using a custom module and workflow embedded in the

D Slicer platform, an open-source medical image processing, analysis

nd visualization software [ 20 ]. Patient-specific 3D computed tomogra-

hy (CT) and magnetic resonance imaging (MRI) studies were obtained

o build a lumbar spinal stenosis model. These CT and MRI volumes were

oaded into the simulator workflow for creation of appropriate geome-

ry. CT and MRI data were fused using an initial fiducial based regis-

ration. Fiducials were roughly placed in the center of each vertebrae in

he MRI and CT volumes. Initial alignment was followed by an intensity-

ased affine multi-modality (Mattes mutual information metric based)

egistration. CT and MRI information allowed for identification and vi-

ualization of the relative position of both soft and hard tissues. 

Bone segmentation was performed upon the CT images, applying

 user specified threshold based on a custom slider tool embedded in

D Slicer. Soft tissue segmentation was performed using T1 and T2

eighted MRI images using a semi-automated process, starting with

anually placed seed points, Simple Region Growing Segmentation fol-

owed by manual correction, allowing differentiation between neural

lements, ligaments and spinal discs. The interface allows easy refer-

nce and blending of all 3 image volumes when manually adjusting the

oft tissue segmentations. CT images and bone segmentations were used

o further verify soft tissue segmentations ( Fig. 1 ). 

irtual reality simulation 

The user wore a VR headset for audio-visual simulation of the opera-

ion, and two handsets were provided to manipulate the 3D spine model.

he simulator communicates with the headset through OpenVR and the

licerVirtualReality plugin. The workflow was compatible with most

irtual reality headsets and was tested with the Occulus Rift and the

amsung Odyssey headsets. The study was conducted with the Samsung

dyssey Headset as it has inside out tracking, allowing quicker setup

nd a larger volume of use. The simulator with Virtual Reality headset

ttached were run on a computer with a modern processor (AMD Ryzen

2nd Gen) and video card (Nvidia RTX 2070). Tissue-resecting tools for

oth soft tissue and bone (Kerrison rongeur, high speed burr and wood-

on elevator) were created within this interface to allow user interaction

ith the spine model in a virtually simulated 3D environment. ( Fig. 2 ).

ssessment of learning 

For quantitative assessment of learning of the anatomical principles

f spinal stenosis, each participant underwent a standardized pre-test on

umbar spinal anatomical knowledge and the pathophysiology of spinal

tenosis. Each participant was then oriented to the VR simulator by a

esearch assistant. Instructions were provided on how to manipulate and
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Fig. 2. Example of a virtual reality simulation of lumbar 

laminotomy using a Kerrison rongeur (left), and completion of 

decompression and removal of ligamentum flavum, exposing 

the compressed irregular dura (right). 

Fig. 3. Demonstration and identification of bony and soft tissue, and neural 

elements. A – Nerve roots, B – Ligamentum Flavum, C – Intervertebral Disc, D 

– Re-expanded Dura, E – Area of decompression, F – Retained Lamina 
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Fig. 4. Representative example of a surgical trainee interacting with the virtual 

reality module. 

Table 1 

Total trainee participants separated by specialty and training level. 

Orthopaedic Surgery Neurosurgery 

PGY-I 4 2 

PGY-II 6 0 

PGY-III 7 2 

PGY-IV 1 1 

PGY-V 0 1 

Fellows 2 2 
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osition the spine model, select, and use the tools available within the

imulation. 

Once familiarized, the participant was instructed on the steps for

erformance of spinal decompression in virtual reality, beginning with

entral laminectomy, followed by lateral recess decompression as well

s foraminotomy. Free manipulation of the spinal model allowed the

ser to fully visualize and comprehend the areas of neural compres-

ion often not fully appreciated in live cases ( Fig. 3 ). The participant

hen completed the task of a one level decompression ( Fig. 4 ). The same

tandardized test was then again administered to evaluate knowledge

cquisition post-procedure. A second exit questionnaire was also admin-

stered for qualitative purposes to assess acceptability and satisfaction

f the VR simulator. 

ata analysis 

Descriptive and inferential statistics were performed on standard-

zed subject pre-test and post-test scores following simulation session.

ata was aggregated across training levels and trends were analyzed via

aired sample t -test to assess differences in performance between junior

nd senior trainees. Pearson’s r testing was applied to assess strength

f correlation between pre-test knowledge and trainee level. Similarly,

escriptive statistics were applied to subject questionnaire answers and

ggregated for review. 
3 
esults 

articipant demographics 

A total of 28 trainee participants were prospectively enrolled in the

irtual reality simulation from orthopaedics and neurosurgery over the

ourse of a six month period. Six PGY-I (4 orthopaedic, 2 neurosurgery),

ix PGY-II (6 orthopaedic, 0 neurosurgery), nine PGY-III (7 orthopaedic,

 neurosurgery), two PGY-IVs (1 orthopaedic, 1 neurosurgery), one

GY-V residents (0 orthopaedic, 1 neurosurgery), and four spine fellows

2 orthopaedic, 2 neurosurgery) participated ( Table 1 ). 

All neurosurgical trainees had experience with spine surgery given

he subjects integration from the beginning of residency. All orthopaedic

rainees from PGYII and up had undergone at minimum a three-month

pine rotation. All orthopaedic PGY-Is had minimal to no experience

ith spine surgery. 

uantitative assessment - pre and post-simulation knowledge assessment 

Pre-simulation test scores demonstrated a strong positive correlation

o level in training (Pearson’s R = 0.792). Junior (PGY-I, PGY-II, and

GY-III) residents exhibited the strongest improvement in test scores fol-
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Table 2 

Comparison of trainee pre-simulation and post-simulation test scores on spinal anatomy and pathology, stratified by year in training. 

Total score is out of 15 points. Statistical difference ( p < 0.05) was reached amongst the PGY-2 cohort in pre- and post-testing. 

Table 3 

Post-module questionnaire results demonstrating level of agreement amongst trainees to various statements 

regarding the utility of the virtual reality simulation module. 

Questionnaire Statement Agree or Strongly Agree 

I feel more comfortable with spinal anatomy after using this tool 53.57% 

Useful tool in learning the pathology of spinal stenosis 89.29% 

Useful tool in learning how to perform a spinal decompression 71.43% 

Tool will be useful in preoperative planning if usedwith patient specific models 96.43% 

Tool will make my surgical workflow more efficient 45.83% 

More comfortable performing a lumbar decompression after this session 33.33% 
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owing utilization of the virtual reality simulation module, with a com-

ined improvement of 11.4% on post-module examination ( Table 2 ).

he score improvement approached statistical significance on inferen-

ial analysis ( N = 21, t = -1.984, p = 0.054). 

Seniors trainees (PGY-IV – Fellows) demonstrated a minimal change

n test scores following VR testing, with an average improvement of

.0% on post-module examination. Statistical significance was not found

mongst the senior trainees ( N = 7, t = -0.2325, p = 0.82). 

ost-simulation participant questionnaire 

A large majority of our participants agreed with the utility of the vir-

ual reality decompression module, stating that it was useful in learning

he patho-anatomy of spinal stenosis (89%), and was useful for learning

he concepts of performing a laminectomy (71%). Participants found

t particularly helpful in preoperative planning if utilized with patient-

pecific cross-sectional imaging (96%). 

Statements regarding the effectiveness of the learning tool for devel-

ping surgical efficiency (46%) and the specific technical details (33%)

ere less agreed upon ( Table 3 ). 

iscussion & conclusions 

Our training tool is the first virtual reality-based simulation and

earning tool designed uniquely for posterior lumbar decompressions.

his educational module has the ability to automate the processing
4 
f patient-specific cross-sectional imaging (Computed Tomography and

agnetic Resonance Imaging) to produce accurate 3-dimensional spine

odels. These models are accurate in both bony and soft tissue patho-

natomy, and our study has demonstrated their use in resident educa-

ion. Pre-operative planning and anatomical understanding of any indi-

idual case can be facilitated using our model. 

Emphasis up until now for simulation in lumbar spinal surgery has

een with pedicle screw placement. The risks with instrumentation are

ell recognized and has been the impetus for the numerous platforms

sed for simulation involving pedicle screws [ 21 ]. Our study and simu-

ator platform for decompression is an extension of previous work at our

nstitution where CT based patient specific simulation has been used for

edicle screw insertion [ 22 ]. Decompression requires a different skill

et and anatomical understanding of the three dimensional nature of

he spinal canal than is required for pedicle screw insertion. Our Virtual

ealty simulator for decompression can also be used with pedicle screw

imulation such that both components of the surgical procedure can be

ractised. However, the current study limits its focus to the decompres-

ion aspect of simulation which has not been previously evaluated for

ts efficacy and acceptability as a learning medium. 

This study has demonstrated that the greatest educational benefit us-

ng a Virtual Reality spinal decompression module can be achieved at

he level of junior residents, who have either no or limited prior experi-

nce with spine surgery. With even a short learning session and interac-

ion with the module, junior trainees can improve their understanding

f spinal stenosis, critical neuroanatomy, and basic concepts of perform-
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ng decompressions. This module also allowed trainees to experience

nd perform various types of posterior decompressions (laminectomy,

aminotomy, hemi-laminotomy, unilateral laminectomy for bilateral de-

ompression, foraminotomy) and better appreciate the extent of such

echniques. There was a strong support for the value of this teaching

ool in learning the patho-anatomy of spinal stenosis (89%), useful for

earning the concepts of performing a laminectomy (71%). 

We had originally aimed to investigate if any difference in knowledge

xisted between orthopaedic and neurosurgical residents of various lev-

ls. However, given our small neurosurgical sample size available for

esting, our results would likely be statistically inaccurate and difficult

o make any definitive conclusions. With enough statistical power, we

uspect junior neurosurgical trainees would achieve a higher pre-test

nowledge score by virtue of an earlier immersion of spine training in

esidency. 

This model can be built based on patient specific scans and used as

 preoperative aid in surgical planning for both the decompression and

nstrumentation components of a particular procedure. There was near-

nanimous agreement amongst trainees that this system would be useful

n pre-operative planning for upcoming cases. Such a VR experience

ould allow a trainee to enter live surgical cases with a greater degree

f familiarity, confidence, and preparedness. 

Our simulation module at present is in continued evolution, and the

rst phase of this project involved software development and assess-

ent of a trainee’s ability to learn the 3-dimensional anatomy of the

pinal canal, understand the components that contribute to the pathol-

gy, and virtually do the steps of a decompression while understanding

he different tissues that contribute to the pathology. The end goal is to

mprove the execution of the actual surgical procedure, and this will re-

uire an intraoperative evaluation of learning metrics comparing prior

R simulation exposure with our model to no prior exposure. 

Not unexpectedly in its current form, the simulation tool was not

elt to be of high value for the technical aspects of surgery. Like learn-

ng modules developed for spinal instrumentation, the identification of

andmarks and trajectory is best established by simulation models, how-

ver there is no substitution for actual in vivo practise with real haptic

eedback for appreciating the forces required to safely use surgical tools.

he simulator should improve the trainees understanding of the steps

nd anatomy and be better able to focus on the actual technique once

nside the operating room. 

Surgical education and training will continue to evolve as

ompetency-based curriculums become more prevalent as well as with

he enforcement of mandatory work-hour restrictions. During times of

 viral pandemic as is being experienced at the time of this manuscript

reparation (COVID-19), elective surgical caseloads and volume can be-

ome unpredictable and can further compromise learning opportunities.

hile there is no replacement for true hands-on experience in the oper-

ting theater, this study in addition to previous studies in the literature

einforce that the operative experience can be further enhanced through

raining outside of the operating room [ 13 , 14 ]. Virtual reality is one of

any learning tools that is additive to more common and often pas-

ive forms of learning such as reading or videos. Interactive learning is

ore effective if made enjoyable, and such surgical simulations provides

ne further medium that can complement the more traditional learning

ethods. 
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