
O R I G I N A L A R T I C L E

Early experience with a patient-specific virtual surgical simulation
for rehearsal of endoscopic skull-base surgery
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Background: With the help of contemporary computer
technology it is possible to create a virtual surgical envi-
ronment (VSE) for training. This article describes a patient-
specific virtual rhinologic surgical simulation platform that
supports rehearsal of endoscopic skull-base surgery. We
also share our early experience with select cases.

Methods: A rhinologic VSE was developed, featuring a
highly efficient direct 3-dimensional (3D) volume renderer
with simultaneous stereoscopic feedback during surgical
manipulation of the virtual anatomy, as well as high-fidelity
haptic feedback. We conducted a retrospective analysis on
10 patients who underwent various forms of sinus and ven-
tral skull-base surgery to assess the ability of the rhinologic
VSE to replicate actual intraoperative findings.

Results: In all 10 cases, the simulation experience was real-
istic enough to perform dissections in a similar manner as in
the actual surgery. Excellent correlation was found in terms

of surgical exposure, anatomical features, and the locations
of pathology.

Conclusion: The current rhinologic VSE shows sufficient
realism to allow patient-specific surgical rehearsal of the
sinus and ventral skull base. Further validation studies
are needed to assess the benefits of performing patient-
specific rehearsal. C© 2017 ARS-AAOA, LLC.
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R ecent advances in endoscopic endonasal approaches
(EEAs) have revolutionized surgical options for ap-

proaching lesions of the ventral skull base. Understanding
the complex sinus and skull base anatomy and translating
radiologic images into surgically relevant information in the
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operating room (OR) are among the primary challenges of
endoscopic skull-base surgery. Beginning rhinologists are
faced with a steep learning curve, and even experienced
surgeons can face challenges in forming mental constructs
of complex 3-dimensional (3D) anatomy despite years of
training.

With contemporary computer technology it is possible
to create a virtual surgical environment (VSE) that can
render complex structures in 3D, allowing surgeons to
appreciate the anatomy in a more intuitive way than is
available through traditional multiplanar reconstructions.1

The inclusion of interactive interfaces results in a virtual
simulator that can be used for surgical training of novice
surgeons. Further incorporation of patient-specific datasets
within the VSE can allow surgical rehearsal that can help
even the most experienced surgeons. Surgical rehearsal us-
ing patient-specific datasets has numerous advantages over
traditional methods such as cadaver dissections. It can
allow surgeons to familiarize themselves with anatomic
variations that are unique to the patient, localize pathol-
ogy, foresee pitfalls that may be encountered during the
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actual surgery, and adjust operative plans accordingly.
Thus virtual reality (VR) surgical simulation has the poten-
tial to shorten learning curves and ultimately improve surgi-
cal care by representing specific anatomic configuration as
well as avoiding the considerable resources that are needed
in cadaver dissections. Whereas in the past such simula-
tion systems required expensive, specialized computational
hardware, current VSEs can be constructed to function on
commercially available laptops.

Implementation of VR technology in rhinology has
increased in recent years and has mostly focused on
the development of endoscopic sinus simulators for the
primary purpose of surgical training.2–9 Others have used
commercially available software that allows 3D rendering
and virtual endoscopy from high-resolution computed
tomography (CT) images to analyze complex regions of
the sinus such as the frontal recess.10,11 However, to
our knowledge, there have not yet been any reports on
a surgical simulation platform that allows for patient-
specific virtual dissection of the sinus and ventral skull
base enabling surgical rehearsal prior to actual surgery.

We have developed a VSE (“Cardinal Sim”) to enable
patient-specific rehearsal of cranial base procedures.12 To
date, the simulation environment has primarily focused on
otologic procedures.13 We have previously shown its po-
tential clinical use incorporating CT data for rhinologic
procedures.14 The present work is a follow-up report on
our ongoing efforts in this field. The purpose of this study
is to further demonstrate the potential of our platform as
applied specifically to surgical rehearsal of the sinus and
ventral skull base, and share our early experience with
select cases.

Materials and methods
The rhinologic surgical simulator

The simulator platform software, CardinalSim (https://
cardinalsim.stanford.edu/), consists of 2 primary compo-
nents. The visual renderer computes an interactive volume
visualization of the anatomic dataset and the surgical in-
struments that can be displayed on a commercially available
stereoscopic 3D display. The haptic renderer is responsible
for computing force feedback during interaction with the
virtual anatomy as well as simulating the process of tissue
dissection when the surgical instrument is actuated. A num-
ber of commercially available haptic devices are supported
by the software. The computational methods employed by
the 2 subsystems are described in detail in our previous
work.12

Briefly, the visual renderer employs the general method
of direct volume rendering using a technique known as
graphics processing unit (GPU)-accelerated ray casting.
It also uses a number of select optimizations, including
early ray termination, empty space skipping, and adaptive
sampling. This rendering strategy allows us to achieve
high-quality visual output at truly interactive rates.

FIGURE 1. Representative images from our rhinology-VSE, CardinalSim.
(A) View of the left frontal recess in the dissection view mode of the Car-
dinalSim using instrument (cutting drill) with high-fidelity haptic feedback.
(B) Image guidance view mode of the CardinalSim with the probe in the left
frontal sinus. VSE = virtual surgical environment.

A high-fidelity haptic rendering algorithm was used to
simulate the interaction between a rigid instrument and
surfaces of anatomical structures that appear within volu-
metric medical image data. This method can render very
stiff contact between hard tissue and any part of the
user-controlled instrument while maintaining stable force
feedback.15 Briefly, tissue boundaries are captured by defin-
ing isosurfaces within the volume defined directly on the
preoperative image data. Virtual instruments within the
simulation are represented as point-sampled surfaces and
a sophisticated collision detection strategy is employed to
determine if the virtual instrument makes contact with the
anatomical structures in the simulation. To preserve simu-
lation fidelity, a proxy representation of the virtual instru-
ment is introduced to track the position of the device while
subject to the constraint that it does not intersect the scene
geometry. The goal of the haptic simulation is then to com-
pute and update the configuration of the proxy at every
time step as the device itself is moved. The final stage of the
haptic rendering algorithm is to send a force to the haptic
device. This force is obtained by the simulation of a “virtual
coupling” spring, which generates a force proportional the
displacement between the device position and proxy po-
sition. For further detailed algorithms, we refer interested
readers to the original article describing this technique.12
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FIGURE 2. Sinuses can be viewed with varying “appearances” of the primary volume. A semitransparent bony setting is shown. The left frontal sinus and
cells around it have been segmented and assigned with different colors (frontal sinus: blue, frontal cell: purple, supraorbital cell: green, agger nasi cell: yellow)
and can be viewed in different planes: coronal (A), sagittal (B), basal (C). (D) The segmented sinuses and cells can be superimposed and visualized during the
virtual dissection. Asterisk: left middle turbinate.

This study was approved by the Institutional Review
Board of Stanford University (No. 41960) and Seoul Na-
tional University Hospital (No. 1706-047-857).

The simulation process
The CardinalSim was run on a commercial laptop Win-
dows computer with an Intel Core i7-6500U central pro-
cessing unit (CPU) 2.5-GHz processor, 8 GB of random
access memory (RAM), and an Intel high-definition (HD)
Graphics 620 graphic card. The stereoscopic display used
was a passive interlaced 3D monitor (LG, Seoul, Korea)
and haptic device was Geomagic Touch (3D Systems, Rock
Hill, SC).

The simulation begins with construction of a virtual
model which is a representation of the patient’s own
anatomy. A high-resolution clinical CT scan of the sinus
and skull base is used as the primary imaging series for
this purpose. The virtual patient model can be oriented
and placed within the virtual environment as desired. The
appearance of the model in the virtual environment can be
fine-tuned and adjusted to the particular purpose of the dis-
section. Tissue such as bone can be rendered semitranspar-
ent to partially reveal structures underneath or completely
hidden to examine internal structures in detail (Figs. 1 and
2). Segmented structures, such as sinuses, vessels, nerves, or
pathology, can be added, and each assigned a unique haptic
and visual appearance. The usual time it takes to construct

a usable model takes about 1 to 2 hours depending on the
number and complexity of the segmented structures. At this
point, the surgeon can begin a virtual dissection of the si-
nuses and ventral skull base. The haptic interface controls
a virtual surgical drill with a selectable cutting or diamond
burr. Force feedback is rendered upon contact with the vir-
tual anatomic surface during dissection, and the soft tissue
and bone are removed at a realistic rate dependent on the
burr type and forces applied. The VSE also provides an
audio feedback which is connected to the actions of the vir-
tual surgical drill enabling 3 distinct sounds: drill on, light
contact pressure, and forceful contact pressure.

The VSE provides 3 viewer modes that can be tog-
gled from each other. The standard dissection view mode
(Fig. 1B), where the haptic device is used as a dissection
tool; the endoscopic view mode, where the haptic device is
used as a virtual endoscope used for navigation; and finally
the image guidance view mode, which consists of 4 quad-
rant panels, a dissection panel on the top left window, and
3 separate panels comprising a triplanar virtual image guid-
ance with cross reference that correlate with the location of
the tip of the dissection tool or virtual endoscope (Fig. 1C).

Evaluation of the rhinologic VSE
We conducted a retrospective analysis of the ability of
the rhinologic VSE to replicate intraoperative findings
(face validity). We first collected video and image data of
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TABLE 1. Patient series

Patient#

Sex

(M/F)/age

(years) Diagnosis Location

Structures

segmented Surgical approach

Structural features

investigated

Overall

reproducibility

scorea

1 F/43 Persistent frontal
sinusitis with
osteoma

Frontal recess Osteoma, frontal
sinus

EEA Nasal polyp, MT, osteoma, air
cell, frontal sinus

3

2 M/54 Cholesterol
granuloma

Petrous apex ICA, CG, VN EEA Sphenoid sinus ostium,
sphenoid sinus septation,
VN, ICA, CG

3

3 F/46 V2 Schwannoma PPF, ITF IMA, tumor Combined EEA and
CL approach

MT, maxillary sinus, PPF, IMA,
tumor, foramen rotundum

3

4 M/16 Angiofibroma PPF IMA, tumor EEA MT, maxillary sinus, tumor,
PPF, pterygoid wedge, IMA

2.67

5 F/20 Inverted papilloma Maxillary sinus Tumor, AEA EEA Frontal sinus, tumor, frontal
sinus septation, AEA

2.67

6 F/43 Chordoma Clivus ICA, pituitary,
tumor

EEA Sphenoid sinus, tumor, ICA,
pituitary

2.33

7 F/47 Chondrosarcoma Petroclivus ICA, tumor, VN, V2 EEA Sphenoid sinus, tumor, ICA 2.67

8 M/32 Mucocele Petrous apex ICA, VN, mucocele EEA ICA, sphenoid sinus, sphenoid
septation, VN, mucocele

3

9 F/49 V2 Schwannoma PPF, ITF, buccal
space

IMA, tumor Combined EEA and
CL approach

MT, maxillary sinus, PPF, IMA,
tumor, pterygoid muscle

2.67

10 M/52 Pannus C1 None EEA Nasopharynx, C1 body, dens,
pannus

3

aAverage score of 3 independent skull-base surgeons using a 4-point Likert scale.
AEA = anterior ethmoidal artery; BA = basilar artery; C1 = 1st cervical vertebra; CG = cholesterol granuloma; CL = Caldwell-Luc approach; EEA = endoscopic endonasal
approach; ICA = internal carotid artery; IMA = internal maxillary artery; ITF = infratemporal fossa; MT = middle turbinate; PPF = pterygopalatine fossa; V2 = maxillary
branch of trigeminal nerve; VN = vidian nerve.

10 patients who underwent various forms of sinus and ven-
tral skull-base surgery at Seoul National University Hos-
pital and Stanford University Hospital and Clinics. In-
plane resolution of the images ranged from 0.33 mm ×
0.45 mm pixel size, with an axial slice thickness ranging
from 0.5 mm to 1.25 mm. Segmentation of sinuses and
key structures relevant to the surgery was performed. Crit-
ical surgical landmarks such as the internal carotid artery
or tumor were demarcated on serial axial scans so that
they could be identified on the 3D reconstruction, a pro-
cess called segmentation. Tools employed for this task in-
cluded the Amira software (version 5.3.3; Visage Imag-
ing Inc., Berlin, Germany) and ITK-snap (version 3.6.0;
http://www.itksnap.org/pmwiki/pmwiki.php). Soft tissue
structures encased in bony structures such as portions of the
internal carotid artery (ICA), and cranial base nerves could
be segmented with the CT image. Alternatively, a magnetic
resonance imaging (MRI) scan that was co-registered with
the CT could also be used for segmentation.16

After assembling the case databases, an experienced rhi-
nologic surgeon within our team reproduced key stages of
the procedures within the simulation environment by ob-
serving the procedure in the intraoperative video. Images of
the virtual surgery were captured to facilitate comparison.

Anatomic correlation of key structural features between the
intraoperative and the simulated procedure were compared
and assessed by 3 trained rhinologic surgeons who were
blinded to the objectives of the study. Overall resemblance
using a 4-point Likert scale where a score of 3 was given for
“excellent reproducibility,” 2 for “good reproducibility,” 1
for “fair reproducibility,” and 0 for “poor reproducibility.”
The structural features investigated for each case are sum-
marized in Table 1. The observations of 4 representative
cases from our series are shown in detail.

Results
Clinical features of the 10 patients are summarized in
Table 1. The patient’s CT image in Digital Imaging and
Communications in Medicine (DICOM) format was used
to render the VSE, and adjusted to resemble the nasal cav-
ity and sinuses. Using CT alone, bony structures could be
easily distinguished from soft tissue; however, specific soft
tissue structures could not be discerned without MRI seg-
mentation, unless the soft tissue structure was surrounded
by bone or could be distinguished on an enhanced CT. The
average subjective reproducibility score for the 10 patients
was 2.79, with no case being given a score of less than 2.
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FIGURE 3. Revision frontal sinus surgery performed in a 43-year-old woman. Coronal and sagittal CT scans show a remnant agger nasi cell and a small
osteoma in the frontal recess accounting for persistent frontal sinus inflammation (A, B). Snapshots comparing the actual intraoperative photograph (C, E, G)
and images from the virtual surgery (D, F, H) are shown. Arrow: osteoma; arrowhead: nasal polyp; asterisk: frontal recess. CT = computed tomography.
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FIGURE 4. Endoscopic endonasal approach performed in a 54-year-old male with a cholesterol granuloma in the right petrous apex. Coronal and sagittal
MRI scans show an expansile lesion in the petrous apex displacing the right ICA and protruding into right cerebello-pontine angle (A, B). Snapshots comparing
the actual intraoperative photograph (C, E) and the representative images from the virtual surgery (D, F) are shown. The asterisk identifies the wall of the
cholesterol granuloma, shown in green in the simulation image. The VN and ICA have been segmented and assigned yellow and red colors, respectively.
MRI = magnetic resonance imaging; ICA = displaced petrous intracranial artery; VN = vidian nerve.

High-fidelity 3D visual rendering, haptic force feedback,
and the recent inclusion of sound feedback collectively
rendered a surgical simulation experience that was realistic
enough to perform dissections in a manner similar to
the intraoperative videos in all of the patients. Graphics
rendering resembled that of smooth dissection with no
observed lagging. We were able to achieve stereoscopic 3D
renderings of high-resolution clinical CT scans at full HD
1080p resolution with a 30-Hz refresh rate. The rendering

quality achieved using models derived from a CT scan with
an axial spacing under 1.5 mm was considered acceptable
for replication of procedures.

The VSE allowed for high-fidelity anatomic correlation
between virtual and intraoperative findings based on
the surgeons’ subjective impressions and the comparison
of virtual and intraoperative images. We present the
observations and results of 4 representative cases from our
series.
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FIGURE 5. Combined endoscopic and CL approach performed in a 46-year-old female with an extracranial V2 schwannoma in the left PPF and ITF. Coronal and
sagittal MRI scans show a well enhancing expansile lesion in the PPF extending to the ITF (A, B). Snapshots comparing the actual intraoperative photograph (C,
E, G) and the representative images from the virtual surgery (D, F, H) are shown. Endonasal endoscopic view of the left maxillary sinus after a large antrostomy
shows bulging of the post wall (C, D). Endoscopic view of the schwannoma through the CL approach after removal of the post wall of the maxillary sinus (E,
F). The schwannoma is depicted in yellow in the simulation image. Endoscopic view of the skull base after total resection of the tumor (G, H). The maxillary
branch of the trigeminal nerve (V2) in the foramen rotundum can be accurately depicted in the image guidance view of the VSE (I). asterisk: foramen rotundum;
arrowhead: IMA. PPF = pterygopalatine fossa; ITF = infratemporal fossa; MRI = magnetic resonance imaging; CL = Caldwell-Luc; MT = middle turbinate;
PWMS: posterior wall of maxillary sinus; VSE = virtual surgical environment; V2 = maxillary nerve, cranial nerve 2; IMA = internal maxillary artery.

Case 1 is a 43-year-old woman who underwent revision
frontal sinus surgery for persistent cough with postnasal
discharge and frontal headache despite prior endoscopic
sinus surgery (Fig. 3). Coronal and sagittal CT scans
show a remnant agger nasi cell and a small osteoma
in the frontal recess accounting for persistent frontal

sinus inflammation (Fig. 3A, B). Snapshots comparing
the actual intraoperative photograph (Fig. 3C, E, G)
and the representative images from the virtual surgery
(Fig. 3D, F, H) are shown. The polyp in the middle
meatus and the osteoma in the frontal recess in the
simulation images show sufficient resemblance with the
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FIGURE 5. Continued.

actual intraoperative pictures to predict surgically relevant
characteristics.

Case 2 is a 54-year-old man who underwent an endo-
scopic endonasal approach performed for a cholesterol
granuloma in the right petrous apex (Fig. 4). Coronal and
sagittal MRI scans show an expansile lesion in the petrous
apex displacing the right ICA and protruding into right
cerebello-pontine angle (Fig. 4A, B). Snapshots comparing
the actual intraoperative photograph (Fig. 4C, E) and the
representative images from the virtual surgery (Fig. 4D,
F) are shown. The simulation image accurately predicts
the surgical exposure as well as anatomic landmarks such
as septations in the sphenoid sinus and course of the vid-
ian nerve. The ICA and vidian nerve have been segmented
and incorporated into the virtual dissection, allowing for
an in situ appreciation of the course of the petrous ICA,
which has been displaced anterolaterally by the lesion. A
safe window for marsupializing the cholesterol granuloma
can be anticipated with the surgical rehearsal. A supplemen-
tal video clip for this case is included (Supporting Video 1).

Case 3 is a 46-year-old woman who underwent com-
bined endoscopic and Caldwell-Luc (CL) approach for an
extracranial V2 schwannoma in the left PPF and infratem-
poral fossa (Fig. 5). Coronal and sagittal MRI scans show a
well-enhancing expansile lesion in the pterygopalatine fossa
(PPF) and infratemporal fossa (ITF) (Fig. 5A, B). Snapshots
comparing the actual intraoperative photograph (Fig. 5C,
E, G) and the representative images from the virtual surgery
(Fig. 5D, F, H) are shown. Figure 5C and D show respec-
tive endoscopic images of the left maxillary sinus after a
large antrostomy where bulging of the post wall is noted.
Figure 5E and F show respective endoscopic images of the
schwannoma through the CL approach after removal of
the post wall of the maxillary sinus. The schwannoma is

depicted in yellow in the simulation image. Figure 5G and
H shows respective endoscopic images of the skull base af-
ter total resection of the tumor. The maxillary branch of
the trigeminal nerve (V2) in the foramen rotundum (seg-
mented in yellow) can be accurately depicted in the image
guidance view of the VSE (Fig. 5I). The simulation image
accurately replicates the surgical exposure and anatomy of
the PPF and ITF encountered during the actual surgery.

Case 4 is a 52-year old male patient who underwent
an endoscopic endonasal approach for biopsy in the cran-
iovertebral junction. The lesion was diagnosed as pannus
tissue (Fig. 6). Sagittal CT shows cortical irregularity with
erosive changes in dense and anterior arch of C1, with
well-enhancing ill-defined soft tissue density in the cran-
iovertebral junction (Fig. 6A). Snapshots comparing the
actual intraoperative photograph and the representative
images from the virtual surgery show good correspon-
dence. Superficial and deep structures in the nasopharynx
and craniovertebral junction could be clearly identified.

Discussion
The desire to improve surgical care and promote patient
safety has led to recent developments in surgical train-
ing simulators using VR technology. Although a number
of sinus surgery simulators have been validated for use in
training the novice rhinologist,2 a tool that can allow estab-
lished surgeons prepare for complex cases through surgical
rehearsal is not readily available.

We have described, for the first time, a patient-specific
VSE that allows for surgical rehearsal of sinus and ven-
tral skull-base surgery using custom software running on
a commercially available laptop computer. Our findings
indicate that the VSE can accurately predict the surgical
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FIGURE 6. Endoscopic endonasal approach performed in a 52-year old male for biopsy in the craniovertebral junction. Sagittal CT shows cortical irregularity
with erosive changes in dense and anterior arch of C1, with well-enhancing ill-defined soft tissue density in the craniovertebral junction (A). Snapshots
comparing the actual intraoperative photograph (B, D, F) and the representative images from the virtual surgery (C, E, G) are shown. Good correspondence
can be seen between the images from the actual surgery vs simulated images in the nasopharynx and craniovertebral junction. asterisk: degenerative tissue.
CT = computed tomography; S = sphenoid sinus; T = torus; C1 = anterior arch of cranial nerve 1.
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exposure, anatomical structures and landmarks, and the
location of pathology that may be encountered in the real
operation.

The preoperative clinical imaging dataset of each patient
was used to render a model specific to the patient. Surgical
simulation was performed for a variety of ventral skull-
base pathologies. The salient anatomical and pathological
features could be observed in both the intraoperative video
and in the simulation in each case. The VSE may assist the
surgeon in understanding the anatomy, extent of pathology,
and difficulty of access or exposure that the surgeon is likely
to encounter in the OR for each particular patient.

The CardinalSim software, the core of the VSE, is
an ongoing collaborative effort from a multispecialty,
multi-institutional laboratory. The system was adapted
from its primary temporal bone application, and adjust-
ments were made to map the anatomic visual properties
including color, degree of transparency, and amount
of specular reflection to be most suitable for sinus and
ventral skull-base surgery. Further upgrades are being
made to achieve a more realistic endoscopic dissection
experience, which include incorporation of dedicated nasal
instruments, and the implementation of dual haptics that
will allow for simultaneous endoscopic navigation and
dissection.

Although ongoing efforts are being made to create a more
realistic virtual dissection, our current VSE falls short of
replicating every detail of the actual surgical experience.
However, for a surgeon whose primary goal is to rehearse

a surgical procedure in order to predict challenges and
shortcomings in dealing with a specific patient’s pathol-
ogy, accurate representation of the anatomy interrelation-
ships may become more important than tissue appearance
or haptic realism. This is in contrast with simulators
designed for training purposes, where a more realistic
and immersive environment can potentially increase the
utility of the simulator for task training and structure
identification.

Although our VSE of the sinus and ventral skull-base re-
quires additional objective validation to determine whether
it can actually improve surgeon’s performance in the OR,
it is our belief that the more a surgeon is familiar with
working in and around accurate representations of specific
anatomy, the more he or she is likely to be effective. We are
hopeful that the application of the VSE to endoscopic sinus
and skull-base surgery will facilitate the optimal choice of
endonasal approaches, decrease operation time, decrease
complications, and ultimately improve surgical outcomes.

Conclusion
A rhinologic VSE that allows surgical rehearsal of sinus
and ventral skull-base surgery has been introduced. Sub-
jective evaluation showed sufficient realism allowing the
surgeon to replicate approaches and exposure expected at
the time of actual surgery. Further validation studies are
needed to assess the benefits of performing patient-specific
rehearsal.
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