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Abstract
Purpose We present a feasibility study for the visuo-haptic simulation of pedicle screw tract palpation in virtual reality, using
an approach that requires no manual processing or segmentation of the volumetric medical data set.
Methods In a first experiment, we quantified the forces and torques present during the palpation of a pedicle screw tract in
a real boar vertebra. We equipped a ball-tipped pedicle probe with a 6-axis force/torque sensor and a motion capture marker
cluster. We simultaneously recorded the pose of the probe relative to the vertebra and measured the generated forces and
torques during palpation. This allowed us to replay the recorded palpation movements in our simulator and to fine-tune the
haptic rendering to approximate the measured forces and torques. In a second experiment, we asked two neurosurgeons to
palpate a virtual version of the same vertebra in our simulator, while we logged the forces and torques sent to the haptic
device.
Results In the experiments with the real vertebra, the maximum measured force along the longitudinal axis of the probe
was 7.78 N and the maximum measured bending torque was 0.13 Nm. In an offline simulation of the motion of the pedicle
probe recorded during the palpation of a real pedicle screw tract, our approach generated forces and torques that were similar
in magnitude and progression to the measured ones. When surgeons tested our simulator, the distributions of the computed
forces and torques were similar to the measured ones; however, higher forces and torques occurred more frequently.
Conclusions We demonstrated the suitability of direct visual and haptic volume rendering to simulate a specific surgical
procedure. Our approach of fine-tuning the simulation by measuring the forces and torques that are prevalent while palpating
a real vertebra produced promising results.
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Introduction

Pedicle screws are commonly used in spinal fusion surgeries
to treat congenital spine deformities as well as traumatic
or degenerative spine conditions. Before placing a pedicle
screw, the posterior elements of the spine are exposed. At the
entry point, the cortical bone of the vertebra is then breached
with a burr and the pedicle screw tract createdwith an awl or a
drill. Next, the bonywalls of the pedicle are palpated for their
integrity, i.e., the screw tract is checked for anterior, medial,
lateral, superior, or inferior breaches with a ball-tipped probe
or similar device. Finally, the screw is inserted and its place-
ment is verified via imaging [11]. However, placing these
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screws correctly is not trivial. Several meta-analyses found
the mean pedicle screw placement accuracy, i.e., the percent-
age of correctly placed pedicle screws without breaches, to
be about 80–90% [12,17,25]. The main reasons for pedicle
screwmisplacement aremost likely that the pedicle is not vis-
ible to the surgeon [4] and that themorphology of the pedicles
varies between patients [7]. The use of navigation techniques
has been shown to improve pedicle screw placement accu-
racy [1,9,12,17,24,25]. However, reported mean placement
accuracy still varies between 92.4 and 97.3% [1,12,17,25],
possibly due to limitations such as calibration errors, instru-
ment bending, or non-rigid connections between reference
and surgical site [8]. It can thus be assumed that even with
the help of modern navigation tools, roughly 1 out of 20
pedicle screws is misplaced. Misplaced pedicle screws can
cause several problems such as neurological, vascular, or vis-
ceral damage [8]. The consequences include radicular pain,
sensorimotor deficits, paralysis, or even death of the patient
[1,8]. If the misplacement is observed intraoperatively (e.g.,
by palpating the screw tract with a ball-tipped probe or imag-
ing techniques), the screw can be replaced during the same
surgery and a damaged dural or vascular structure sutured or
embolized. Postoperative complications attributable to screw
misplacementmight require surgical revision and possibly an
extension of the fixation to additional levels [8].

Manual palpation of the drilled screw tract using a
probe is a crucial step to prevent misplaced pedicle screws
[5,11,14,23,26]. However, studies investigating the reliabil-
ity of this technique concluded that surgeons do not excel
in correctly identifying pedicle breaches using a ball-tipped
probe [5,14,23]. To identify such breaches, the surgeon needs
to interpret the perceived haptic feedback correctly, which is
a skill that takes years of surgical practice to develop. It is
thus not surprising that the surgical experience and level of
training have been identified as critical factors for the relia-
bility of manual pedicle screw tract palpation [14], as well
as for the correct placement of pedicle screws [7,10].

One possibility to foster the development of the haptic
skills of surgeons is the use of simulators. Simulators allow
trainees to acquire skills in a no-risk environment through
repeated practice in varied scenarios [16]. Virtual simulators
in particularmake it simple to record collision forces and tool
paths for an objective quantification of the task performance.
However, even though it has been stated that developers of
virtual surgical simulators should pay close attention to pro-
viding realistic haptic feedback [3,22], accurately simulating
the haptic sensations of surgical procedures remains a major
challenge [16].

In previous work, we presented a method for direct visual
and haptic volume rendering of medical data sets in virtual
reality (VR) [6]. Unlike previous approaches [2,13,21], our
method allows rendering the patient-specific anatomy with-
out relying on any mesh or surface generation, guarantees

a passive, continuous force field, and showed stable haptic
feedback even for stiff objects such as bony structures. The
goal of this work was to test the feasibility of the above-
mentioned approach to simulate the palpation of a drilled
pedicle screw tract with a ball-tipped probe. As it has been
suggested that the fidelity of the haptic experience provided
by surgical simulators should be pursued more than their
graphical accuracy [3], we first performed an experiment to
quantify the interaction forces and torques perceived by a
surgeon while palpating a real pedicle screw tract, which is
presented in the “Force and torque quantification” section.
The implementation and validation of our visuo-haptic VR
simulation of pedicle screw tract palpation is described in the
“Simulation of pedicle screw tract palpation” section.

Force and torque quantification

To define the requirements for the simulation, we quantified
the forces and torques felt by a surgeon while palpating a real
pedicle screw tract with a ball-tipped probe.

Methods

Specimen and apparatus

As a substitute for human vertebrae, we obtained a fresh
lumbar spine of a young boar from a local hunter. Using
a hand-held electric drill with a 3 mm metal drill bit, we
created screw tracts in several boar vertebra pedicles. For
our measurements, we chose a vertebra with a fully intact
screw tract in the right pedicle.

We used a straight ball-tipped pedicle probe (Cat. No.
2750-10-140,DePuy,LeLocle, Switzerland),whichweighed
46.4 g. To measure the prevalent forces and torques while
palpating the pedicle screw tract with the pedicle probe, we
equipped it with a 6-axis Nano17 force/torque sensor (ATI
IndustrialAutomation,Apex,NC,USA)with SI-12-0.12 cal-
ibration, which weighed 9.07 g (see Fig. 1). The forces and
torques were recorded at a rate of 100 Hz. Since we were
unsure about the maximum torques to be expected during
pedicle probing, we initially also conducted measurements
with a second force/torque sensor (see Online Resource 1).

In addition to measuring the forces and torques, we also
recorded the poses of the pedicle probe and the boar ver-
tebra during the experiment. For this, we used four Oqus
700+ motion capture cameras (Qualisys AB, Gothenburg,
Sweden). All cameras were operated with a capture rate of
100Hz. Themotion capture systemwas calibrated according
to the instructions of the manufacturer. The maximum of the
average residuals of the cameras in the used calibrations was
0.446 mm. We designed and 3D printed two motion capture
marker clusters comprised of four passive reflective markers
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Fig. 1 Setup for the
force/torque quantification
measurements. The Nano17
force/torque sensor (ATI
Industrial Automation, Apex,
NC, USA) was mounted
co-axially between the separated
shank and handle of the pedicle
probe (see close-up). Due to
elastic probe bending, the probe
shank is not necessarily parallel
to the z-axis during palpation.
Both the probe and vertebra
poses were tracked by the
motion capture system

each. One of the marker clusters was attached to the end of
the probe and the second one to the left superior articular
process of the vertebra (see Fig. 1).

Experimental procedure

We recruited two neurosurgeons to quantify the prevalent
forces and torques while palpating a real pedicle screw tract.
While surgeon 1 was very experienced with pedicle screw
placements (16 years of experience), surgeon 2was relatively
inexperienced (3 years of experience).We asked the surgeons
to palpate the pedicle screw tract with the instrumented probe
as they would palpate a human pedicle during surgery (see
Fig. 1 and Online Resource 2). We recorded the palpation
with each hand, because the surgeons reported to perform
this procedure with either hand depending on the situation.
For the first surgeon, we performed the measurements three
times with the left (preferred) and right hand each. For the
second surgeon, we recorded the palpation three times with
the preferred (left, non-dominant) hand and once with the
non-preferred hand.

Data analysis

The motion capture system allowed us to track the pose
of the pedicle probe marker cluster relative to the boar
vertebra marker cluster during our force and torque mea-
surements. However, for our simulation, we were interested
in the motion of the sensor attached to the pedicle probe rel-
ative to the screw tract in the vertebra. Thus, we also had
to determine the relative pose of the sensor with respect
to the pedicle probe marker cluster and of the screw tract
with respect to the vertebra marker cluster. For this, we
used a nanotom® m (phoenix|x-ray, GE Sensing & Inspec-

tion Technologies GmbH, Wunstorf, Germany) to perform
two high-resolution CT scans: one of the boar vertebra
with the screw tract and the attached marker cluster and
one of the pedicle probe handle with the attached marker
cluster and Nano17 force/torque sensor. Using the motion
capture data and the CT scans which had a voxel size
of

(
69.5, 69.5, 69.5

)ᵀ
µm, we reconstructed the pose

of the force sensor relative to the pedicle screw tract for
each palpation trial (for details see Online Resource 1). We
synchronized the motion capture data and the force/torque
measurements by aligning the force peaks of five subsequent
taps of the probe tip against a solid surface to the respective
motion peaks.

Results

The motion of the force/torque sensor attached to the pedicle
probe relative to the pedicle screw tract in the vertebra and
the corresponding forces/torques are shown in Fig. 2 for an
exemplary trial.

The recorded forces and torques over all trials, grouped
by surgeon, are displayed in Fig. 3.

The mean, standard deviation, and maximum of all
recorded forces and torques above 0.01 N and 0.001 Nm,
respectively, are shown in Table 1.

Simulation of pedicle screw tract palpation

To provide a training platform for pedicle screw tract pal-
pation, we developed a visuo-haptic VR simulator, which
does not require manual processing or segmentation of the
volumetric medical data.
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Fig. 2 Recorded force/torque data from an exemplary palpation trial of
the more experienced surgeon (surgeon 1). The palpation of the sides
and the anteriormost end of the screw tract are indicated with orange
and blue backgrounds, respectively. Top: Distance between sensor and
screw tract entrance along the screw tract axis (purple), the measured
longitudinal forces (dark blue), and the forces simulated based on the
recorded motion data (light blue). The horizontal lines indicate where

the pedicle probe tip enters (dash-dot) and reaches the anteriormost
end (dashed) of the screw tract. Middle: Sensor distance to the screw
tract axis (purple), the measured transverse forces (dark orange), and
simulated forces (light orange). Bottom: Angle between screw tract and
probe handle (purple), the measured bending torques (dark orange), and
simulated torques (light orange)

Fig. 3 Measured force and torque distribution during all boar vertebra
palpation trials of the two surgeons. The blue histograms visualize the
forces along the longitudinal axis of the pedicle probe handle and the
twisting torques. The orange histograms visualize the forces in the plane

perpendicular to the longitudinal axis of the pedicle probe handle and
the bending torques. For both surgeons, we concatenated the recorded
force and torque sequences from all of their trials and computed the
histograms of the resulting sequences

Methods

Hardware

Our hardware setup for the simulation consisted of an HTC
Vive Pro head-mounted display (HMD) with a Lighthouse

1.0 tracking system (bothHTC,NewTaipeiCity, Taiwan) and
a customized six degrees of freedom lambda.6 haptic input
device (Force Dimension, Nyon, Switzerland) (see Fig. 4).

The lambda.6 is a high-end haptic device with low inertia
and low friction, thus allowing a high degree of transparency,
i.e., the undesired interaction forces present while using the
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Table 1 Mean, standard
deviation, and maximum of the
measured forces and torques
during palpation of the vertebra
screw tract

Fxy [N] Fz [N] Txy [Nm] Tz [Nm]
μ σ max μ σ max μ σ max μ σ max

Surgeon 1 0.28 0.24 1.12 0.31 0.47 7.78 0.037 0.029 0.134 0.002 <0.001 0.005

Surgeon 2 0.19 0.15 0.89 0.23 0.36 5.14 0.028 0.020 0.113 0.001 <0.001 0.002

Forces below 0.01 N and torques below 0.001 Nm have not been considered

Fig. 4 Left: Simulation setup. A user interacts with the virtual environ-
ment through the haptic input device. Thevirtual environment is visually
perceived through the head-mounted display. Upper right: Close-up of

the virtual environment: the pedicle probe is used to palpate the pedicle
screw tract in the boar vertebra. Lower right: Close-up of the pedicle
probe handle mounted to the lambda.6 haptic input device

device are very low [19]. Both theHMDand the haptic device
were controlled by the same computer (HP Z640 Worksta-
tion, Intel Xeon E5-2630 CPU@2.2GHz, Nvidia GTX 1080
GPU, 16GB RAM, Windows 10).

Visualization

For the visualization of the vertebra, we used the high-
resolution CT scan of the boar vertebra and the VR appli-
cation SpectoVR (University of Basel, Basel, Switzerland).
This software is capable of loading and displaying volumet-
ric medical images provided in standard DICOM format. It
implements an efficient ray-marching-based volume renderer
optimized to render 90 frames per second per eye. A trans-
fer function maps the grayscale values of the raw voxel data
(Hounsfield values in the case of a CT scan) to color and
opacity values.

Haptic rendering

Since our approach does not use an explicit definition of
collision surfaces, we could not apply conventional mesh-
based collision detection methods. Instead, we defined the
haptic forces based on the visualized voxel opacity values α

of the high-resolution CT data of the boar vertebra. First, we

blurred the voxel opacities with a standard Gaussian kernel
(see Online Resource 1). We empirically found a blur kernel
with a size of 15voxels and σ = 1voxel in all three dimen-
sions to provide an acceptable compromise between keeping
the bone tissue stiffness within the capabilities of our haptic
device and losing toomuch haptic detail. Then, we computed
the negative gradient g of the blurred voxel opacities at dis-
crete positions with the same resolution as the original data
set:

g = −∇(ω ∗ α). (1)

To evaluate g at any position p = (x, y, z), we used tricubic
interpolation with a Catmull–Rom interpolation kernel. We
defined the haptic force at any given interaction point pi =
(xi , yi , zi ) as

Fi = c f g( pi ), (2)

where c f > 0 is a constant conversion factor. Finally, we
converted Fi to a force F∗

i and torque τ∗
i at the device end-

effector according to the law of the lever.
Computing the haptic forces only for one interaction point

is sufficient to palpate the surface of a structure [6]. However,
this is not enough for our current application, because there
can easily bemultiple contact points between the shank of the
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pedicle probe and the surrounding pedicular bone. As only
the front end of the probe shank should be in contact with
the vertebra, we defined n haptic interaction points at fixed
intervals starting from the tip of the probe shank. The forces
and torques from all haptic interaction points were summed
up and scaled with the constant factors s f and st :

F∗ = s f

n∑

i

F∗
i , τ∗ = st

n∑

i

τ∗
i . (3)

Finally, these forces and torqueswere sent to the haptic device
for rendering.

Iterative pedicle probe bending

The mechanical properties of the pedicle probe cause its
shank to bend during palpation of the pedicle screw tract.
To simulate this bending behavior, which is important for
a realistic virtual replication of the palpation procedure, we
used a simplified cantilever beam model with one fixed end
(shank-handle interface) and one free end (probe tip). Based
on rough estimations from our first experiment, we expected
relatively small deflections of the tip of up to 3 cm. There-
fore, we only considered deflections in a plane perpendicular
to the longitudinal (z) axis of the probe. The deflection v(z)
of the beam with the force F being applied to the free end is:

v(z) = Fz2

6E I
(3L − z), (4)

where z is the distance from thefixed endof the beam, F is the
applied force, E is the Young’s modulus of the beam mate-
rial, I is the area moment of inertia of the beam, and L is the
total length of the beam. We assumed E = 195GPa, which
corresponds to corrosion-resistant steel. The total length L of
our pedicle probe shank was 130 mm. The radius of the pedi-
cle probe shank increased from 0.4 mm at the tip to 1.0 mm
at the handle-shank interface. For simplicity, we assumed
a constant average radius of 0.7 mm, resulting in an area
moment of inertia I = 1

4πr
4 = 0.189mm4.

The procedure we used to update the probe bending at
every simulation time step is explained in the following.
First, we applied the deflection computed during the previous
time step to the current probe pose and computed the probe’s
resistive force against this bending for each interaction point
according to Eq. 4. Additionally, we determined the haptic
force at the position of each interaction point according to
Eq. 2. The sum of the resistive force and the haptic force was
then converted to a force at the probe tip for each interaction
point. The forces at the probe tip from all n interaction points
were summed up and the probe’s bending was updated in the
direction of the resulting force. These steps were repeated

until the resulting force sum was smaller than 0.001 N (qua-
sistatic equilibrium) or a maximum number of iterations imax

was reached. The final shape was then used to calculate the
interaction forces and torques as described in the “Haptic
rendering” section, which were then sent to the haptic device
for rendering.

Parameter tuning

Several parameters in our simulation had no direct relation
to physical properties of the simulated objects and therefore
had to be determined empirically.We tuned these parameters
such that the simulated forces and torques approximated the
measured ones. We used the recorded data from one exem-
plary palpation performed by the more experienced surgeon
from the force/torque quantification experiments described
in the “Force and torque quantification” section. The motion
of the force/torque sensor was interpolated to 4 kHz using
cubic splines to match the maximum update rate of the hap-
tic device and used as an input for the simulation. We knew
that during the force/torque quantification trial, the probe tip
entered the screw tract. To achieve this behavior in the offline
simulation aswell, we introduced amanually determined off-
set to the sensor position of

(
0, 4.5, 0.5

)ᵀ mm. This was
necessary as unlike the virtual probe, our real probe shank
was not perfectly straight and the accuracy of the calculated
probe sensor positionwas limited by themotion capture accu-
racy and the measurements in the CT scans.

We ran the offline simulation of the recorded probe
motion with different parameters and visually compared the
computed forces and torques to the ones measured by the
force/torque sensor. We determined c f = 5Nm, s f = 0.3,
and st = 0.3 to result in the best approximation. We found
n = 3 interaction points (9 mm apart) to be sufficient, since
the relatively high bending radius of the probe and the cylin-
drical shape of the screw tract made it unlikely to have more
than three relevant contact points. For themaximum iteration
count, we found imax = 1000 to provide a good trade-off
between not reaching an equilibrium point and compromis-
ing the update rate of the simulation.

Experimental evaluation of the simulator

After tuning the simulation, as explained in the “Parame-
ter tuning” section, we asked the same two neurosurgeons
who already participated in the force/torque quantification
experiments (see “Force and torque quantification” section)
to palpate the virtual pedicle screw tract with our simula-
tor (see Fig. 4). Both surgeons performed the palpation four
times. We additionally tried two alternative parameter sets,
the results of which are provided in Online Resource 1. The
position and orientation of the haptic device end-effector, the
rendered forces and torques, and the position of the virtual
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pedicle probe tip were recorded at the update rate of the sim-
ulation (roughly 1–1.8 kHz) for all palpations.

Results

Simulation of recorded trajectories

In an offline simulation of the recorded motion of the
force/torque sensor during palpation, our simulator com-
puted the forces and torques shown in Fig. 2.

Experimental evaluation of simulator

The distribution of the computed forces and torques sent to
the haptic device for rendering, while the surgeons palpated
the virtual pedicle screw tract, are displayed in Fig. 5.

A plot of the motion of the virtual probe and the cor-
responding forces and torques computed by the simulation
are provided in Online Resource 1 for an exemplary trial.
Themean, standard deviation, andmaximumof all computed
forces and torques above 0.01 N and 0.001 Nm, respectively,
are shown in Table 2.

Discussion

With our first experiment we were able to quantify the forces
and torques prevalent while palpating a real pedicle screw
tract and observe how the forces and torques change depend-
ing on which part of the screw tract was examined. In the first
part of the trial shown in Fig. 2, a sweeping motion along the
longitudinal (z) axis of the probe and pronounced changes
in the angle between the probe and the screw tract can be
recognized. This indicates that the surgeon was focusing on
palpating the sides of the screw tract,whichmainly resulted in
forces perpendicular to the probe (Fxy) and bending torques
(Txy). Subsequently, the surgeon was focusing on verifying
the integrity of the anterior wall of the screw tract by tapping
against it several times, discernible by the short motions in
longitudinal direction near the end of the screw tract. This
technique resulted in multiple distinct peaks of the longitudi-
nal forces Fz in quick succession, and low forces and torques
otherwise.

Using the recorded motion data from an exemplary pal-
pation as an input for our simulator resulted in simulated
forces and torques that were similar to the recorded ones
with respect to their temporal progression and magnitude
(see Fig. 2).

The discrepancies that were observed between the mea-
sured and computed forces and torques could be due to small
differences in the mechanical properties and bending behav-
ior of the simulated and the real probe or to inaccuracies
in the measurement of the pedicle probe position relative to

the vertebra position. The high-frequency components in the
computed forces and torques could be caused by the fact
that during the offline simulation the virtual probe always
followed the recorded path of the real probe, irrespective of
the resistive forces computed along this path. Also, consid-
ering the voxel spacing of 69.5µm, small inaccuracies in the
motion capture data can result in an offset of the probe tip by
several voxels. This in turn could cause the tip of the virtual
probe to be slightly pushed into the bony tissue, while the real
probe was just touching the surface. When using the haptic
device instead of a simple offline simulation this is less of a
problem because the device handle and the user’s handwould
be pushed back by the generated forces. Moreover, during a
simulationwith the haptic device, the forces computed by our
algorithm would be additionally dampened by the rate limit
of the device motors and the inertia of the device mechanics.
The several positive peaks in Fz following the examination
of the anterior wall (around the 7th second in Fig. 2) were
most likely caused by the tip of the virtual probe penetrating
the bony tissue and temporarily getting stuck in an area of
the CT scan corresponding to porous structures of the bone.

When the surgeons tested our simulator, the mean forces
perpendicular to the probe and the mean bending torques
computed by the simulator were about 2–3 times higher than
the ones measured with the real probe (see Tables 1 and 2).
Themean forces along the longitudinal axis of the probewere
about 6–8 times higher than the ones measured with the real
probe. We assume that this was partly due to the tip of the
virtual probe penetrating the surface of the virtual screw tract
due to inaccuracies in the haptic simulation and therefore
getting stuck in the porous structure of the simulated bone.
This, in turn, led to occasional oscillations of the tip between
two opposite bone structures. The higher mean forces and
torques could also have originated from a different palpation
behavior of the surgeons using the simulator compared to a
real pedicle probe. Such a behavioral change could partly be
due to the surgeons not being accustomed to interactingwith a
haptic device. Additionally, the imperfect, albeit high device
transparency could have caused the surgeons to interact with
the haptic device handle more heavy-handedly than with the
real probe. This could entail that the interaction forces and
torques may have to be tuned to the perception of expert
surgeons rather than to the measured forces and torques with
the real probe.

The purpose of this work was to show the technical fea-
sibility of our direct volume rendering approach for the
simulation of pedicle screw tract palpation. Thus, for an
initial evaluation of our approach, we implemented the nor-
mative case, i.e., a correctly drilled screw tract. We could
show that the determined requirements can be fulfilled by
our approach and that direct volume rendering can be an
alternative to mesh- or surface-based simulators. However,
in a clinical setting, pedicle screw tractswith anterior,medial,
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Fig. 5 Distribution of the forces and torques sent to the haptic device
during the simulated palpation task using the tuned parameters. The
blue histograms visualize the computed forces along the longitudinal
axis of the pedicle probe handle and the twisting torques. The orange
histograms visualize the computed forces in a plane perpendicular to the

longitudinal axis of the pedicle probe handle and the bending torques.
The histograms for each surgeon comprise the data of 4 trials. For
comparison, the measured force and torque distributions during the
palpations of the boar vertebra with the instrumented pedicle probe
are shown with solid lines

Table 2 Mean, standard deviation, and maximum of the computed forces and torques during palpation of the virtual vertebra screw tract using the
tuned parameters

Fxy [N] Fz [N] Txy [Nm] Tz [Nm]
μ σ max μ σ max μ σ max μ σ max

Surgeon 1 0.39 0.28 1.54 1.91 1.79 9.40 0.044 0.033 0.216 <0.001 <0.001 <0.001

Surgeon 2 0.49 0.28 1.63 1.88 1.76 10.60 0.064 0.043 0.286 <0.001 <0.001 <0.001

Forces below 0.01 N and torques below 0.001 Nm have not been considered

lateral, superior, or inferior breaches need to be differentiated
from intact screw tracts. Our approach theoretically allows
simulating such a setting as well as the drilling process itself
by removing voxels along the drilling path and periodically
recomputing the force field around the modified area of the
voxel data. However, the implementation of these features
and a targeted training study are required to evaluate the
effectiveness of our approach in training surgeons to cor-
rectly drill screw tracts and detect clinically relevant pedicle
breaches.

The number of haptic interaction points may also have to
be re-evaluated for data sets with pedicle breaches. Using
more interaction points can improve the achieved hap-
tic detail at the cost of more expensive computation. We
believe that the chosen number of three interaction points
could provide acceptable results for breach detection, but a
more realistic experience could possibly be achieved with
additional interaction points around the probe tip to better
represent its spherical shape.

For the work presented here, we used a young boar ver-
tebra. Pig bone was found to have a high structural and
compositional similarity to human bone [18].Wild boar bone
shows certain geometric and structural differences compared
to domestic pigs [15], but it most likely does not come with
the disadvantages of commercial pig breeds such as large
growth rates and excessive body weight [18]. Given that
patients undergoing pedicle screw placement surgeries range
from young children to elderly [11,20], the age of the boar
vertebrae ismost likely representing at least part of the poten-
tial patient population. In conclusion, we expect that similar

results would be obtainedwith human vertebrae for the quan-
tification of the prevalent forces and torques during pedicle
screw tract palpation.

Conclusion

We demonstrated the feasibility of direct visual and hap-
tic volume rendering to simulate the palpation of pedicle
screw tracts. Our approach of fine-tuning the simulation by
measuring the forces and torques that are predominant while
palpating a real vertebra produced promising results. The
potential benefit of using our simulator in training surgeons
to correctly identify pedicle breaches in a clinical setting has
to be investigated in a future study. However, our approach
proved to be suitable for surgical simulation and opens the
door for patient-specific training of planned interventions.
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