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Background: The development of robotic systems has provided an alternative to
frame-based stereotactic procedures. The aim of this experimental phantom study was
to compare the mechanical accuracy of the Robotic Surgery Assistant (ROSA) and the
Leksell stereotactic frame by reducing clinical and procedural factors to a minimum.

Methods: To precisely compare mechanical accuracy, a stereotactic system was
chosen as reference for both methods. A thin layer CT scan with an acrylic phantom fixed
to the frame and a localizer enabling the software to recognize the coordinate system was
performed. For each of the five phantom targets, two different trajectories were planned,
resulting in 10 trajectories. A series of five repetitions was performed, each time based
on a new CT scan. Hence, 50 trajectories were analyzed for each method. X-rays of the
final cannula position were fused with the planning data. The coordinates of the target
point and the endpoint of the robot- or frame-guided probe were visually determined
using the robotic software. The target point error (TPE) was calculated applying the
Euclidian distance. The depth deviation along the trajectory and the lateral deviation were
separately calculated.

Results: Robotics was significantly more accurate, with an arithmetic TPE mean
of 0.583mm (95% CI 0.41-0.55mm) compared to 0.72 mm (95% CI 0.63-0.8mm) in
stereotaxy (p < 0.05). In robotics, the mean depth deviation along the trajectory was
—0.22mm (95% CI —0.25 to —0.14 mm). The mean lateral deviation was 0.43 mm (95%
Cl 0.32-0.49mm). In frame-based stereotaxy, the mean depth deviation amounted to
—0.20mm (95% CI —0.26 to —0.14 mm), the mean lateral deviation to 0.65mm (95%
Cl 0.55-0.74 mm).

Conclusion: Both the robotic and frame-based approach proved accurate. The robotic
procedure showed significantly higher accuracy. For both methods, procedural factors
occurring during surgery might have a more relevant impact on overall accuracy.

Keywords: stereotactic neurosurgery, robot-guided stereotaxy, phantom study, mechanical accuracy, stereotactic
frame
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INTRODUCTION

The development of robotic techniques is challenging the gold-
standard of frame-based stereotactic procedures in neurosurgery.
Both methods are established for deep brain stimulation,
stereoencephalography and biopsies of intracranial lesions
(Neudorfer et al., 2018; Faraji et al., 2020). Numerous studies on
robotics in neurosurgery are available, confirming a high level of
accuracy and safety (Lefranc et al., 2015; de Benedictis et al., 2017;
Fomenko and Serletis, 2018; Marcus et al., 2018; Spyrantis et al.,
2018, 2019; Philipp et al., 2021). For biopsies, complication rates
and the diagnostic yield are comparable (Livermore et al., 2014;
Lefranc et al., 2015; Yasin et al., 2019).

Accuracy mainly depends on the referencing technique
(Lefranc et al., 2014; Spyrantis et al., 2019), but also on the
patient’s anatomy, the quality of planning data as well as other
factors (Maciunas et al., 1992; Cardinale, 2015; Liu et al., 2020;
Lu et al,, 2021). Several phantom studies on robotic stereotactic
devices confirmed the clinical data on differences in accuracy
depending on the referencing technique (Li et al., 2002; Lefranc
etal., 2014; von Langsdorff et al., 2015; Cardinale et al., 2017).

In robotic surgery using the ROSA system, referencing may
be accomplished via a laser scan of the face, referenced to either
the planning MRI data or an additional 3D head computed
tomography (CT) scan fused with the planning MRI data.
Highest accuracy is accomplished with a Leksell frame reference
(Spyrantis et al., 2019). In a phantom study, Lefranc et al
confirm a higher target accuracy of the ROSA system with CT-
based frameless referencing or frame-based referencing (0.3 mm)
compared to frameless MRI-based referencing (1.59 mm). These
findings were affirmed by a retrospective series of frame-based
and frameless stereotactic surgery procedures (Lefranc et al.,
2014). Liu et al. demonstrated accurate deep brain stimulation
(DBS) lead implantation with the ROSA system using frameless,
fiducial-based referencing with a lateral deviation in the sub-
millimeter range (Liu et al., 2020). Another study comparing
frameless referencing methods in different clinical applications
was published by Brandmeir et al. (2018). Accuracy of facial laser
scan referencing and fiducial-based referencing did not show a
statistically significant difference, with the mean TPE ranging
from 3.9 to 4.5 mm.

In frame-based stereotactic surgery, referencing is
accomplished using a 3D CT scan with the Leksell frame
fixed to the patient’s head and later fused to the planning
MRI data.

This study aims to evaluate the mechanical accuracy of
the robotic technique as an alternative to manual frame-
based stereotaxy. To achieve this assessment without the effects
of the referencing method on accuracy, the highly accurate
Leksell frame referencing was chosen for both methods. The
experimental approach using a phantom excludes various
unpredictable confounders of the clinical setting.

MATERIALS AND METHODS

The Leksell Stereotactic System® (Elekta Stockholm, Sweden)
with the Leksell Coordinate Frame G® was chosen for

referencing in both methods. All experiments were performed
using the same frame to exclude mistakes due to different age-
dependent deterioration of the material.

An acrylic phantom (Polymethylmetacrylat, PMMA),
designed to fit into the Leksell frame, was used (Figure 1A).
For this phantom, plastic support brackets of variable heights
holding metal target rods can be attached in different positions.
For the identification of the target point in the CT scan,
spherical rods were used, whereas for the assessment of the target
point error, rods with a needle tip were used (Figure 1B). The
phantom’s reference system is defined by the transversal (x-), the
longitudinal (y-) and the sagittal (z-) axis (Figure 1C).

A CT Scan with the phantom fixed to the Leksell frame
and a localizer (Open CT Indicator) enabling the software to
calculate and reference the coordinate system was performed.
The Open CT Indicator (Figure2A) is equipped with “N”-
shaped radiopaque strips on both sides as well as on the front
disk, enabling the software to determine its exact position.
0.67 mm slice CT scans were performed using the Philipps iCT
256 (Philipps, Best, Netherlands, pixel size 0.63 mm, matrix size
512 x 512). Data were transferred to the planning software
iPS (inomed Planning System, inomed Medizintechnik GmbH,
Emmendingen, Germany) (Figure 2A).

For trajectory planning, the center of the spherical localizing
objects was manually determined and the coordinates registered
(Figure 2B). Only the target point, but no entry point was
planned as the phantom is not equipped with a shell simulating
the head’s surface. While positioning the probe, needle tip rods
were used to depict the target point (Figure2B). Those are
0.5mm longer than the center of the spherical probes. For
planning, 0.5 mm were therefore added to the z-coordinate of
the targets. For each of the 5 phantom targets, 2 different
trajectories were planned, resulting in 10 trajectories. To simulate
the aberrations inherent to fixing the Leksell frame to a patient’s
head, a series of 5 repetitions were performed, each time based
on a new CT scan after removing and repositioning the phantom
in the Leksell frame and reattaching the frame to its bracket. In
total, 50 trajectories were analyzed for each method.

Robotic Experiment

The stereotactic frame holding the phantom was attached to
the Robotic Surgery Assistant (ROSA Brain 2.5, Zimmer Biomet
Robotics, formerly MedTech, Montpellier, France), spherical
localizing objects were replaced by needle tips. Referencing was
accomplished by manually guiding the robotic arm to special
localizer disks attached to the Leksell frame (Figure 2C). The
deviation of the registered coordinates and the actual coordinate
system is defined as registration error, which is assessed by the
ROSA software and either accepted or declined (when exceeding
a certain deviation).

Via the robotic control unit, the ROSA arm was moved
in line with the planned trajectories to the predefined targets
on the stereotactic phantom (Figure 2D). After replacing the
robot localizer disks with X-ray localizer disks (Zimmer Biomet,
Montpellier, France), the final position of the spike-shaped
probe attached to the robotic arm was controlled with X-ray in
two planes, anterior-posterior and lateral, using a permanently
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is defined by the transversal (x-), the longitudinal (y-) and the sagittal (z-) axis.

FIGURE 1 | (A) PMMA phantom with support brackets and spherical target rods fitted into the Leksell frame. (B) Spherical rods were used for target point definition in
planning and needle tip rods were used for target point determination and error assessment after positioning the probe along the trajectory. (C) The reference system

installed X-ray unit (Brandis Medizintechnik GmbH, Weinheim,
Germany, pixel size 0.175mm, matrix size 1994 x 2430)
(Figure 2E). Before moving to the next trajectory, the robotic arm
was guided back to the starting position.

Frame-Based Experiment

For the frame-based experiment, x-, y-, z- coordinates, arc angle
and ring angle are calculated by the planning software iPS,
defining the target point of each trajectory. These coordinates and
angles are manually transferred to the stereotactic system with
the Leksell Multi-Purpose Stereotactic Arc attached to the Leksell
frame, which was firmly fixed and stabilized. Adjustments were
verified by a second investigator. Experiments were performed
using the Insertion Cannula kit (190mm cannula, 1.6 mm
in diameter) and same stereotactic phantom, positioning was
controlled with X-ray using the localizer disks described above
(Figure 2E).

Analysis

For both experiments, the X-rays depicting the final probe
position and its distance to the target were fused with the
planning data (Figure 2F). The coordinate system for each
acquired fluoroscopic image set was defined by the X-ray localizer
disks fixed to the Leksell-frame. Deviations were determined
by the ROSA software (ROSA 2.5.8 Brain Application, Zimmer
Biomet Robotics, formerly MedTech, Montpellier, France) and
accepted for values <0.5 mm.

The coordinates of the target point, depicted in the X-
ray imaging as the tip of the needle rod positioned in the
phantom, and the endpoint of the robot- or frame-guided
probe (Figure 2F) were visually determined using the ROSA
software. In the robotic experiment, the endpoint was defined
as the tip of the spike-shaped probe whereas in the frame-based
experiment, the endpoint was defined as the centre of the 1.6 mm
diameter probe. With these coordinates, the Euclidian distance
(ED, Figure 3A) was calculated, defining the distance between
the fluoroscopically determined coordinates and therefore the
target point error (TPE).

In addition, we separately calculated the depth deviation
(Figure 3B) along the trajectory, the lateral deviation (Figure 3C)
and individually analyzed the deviation in all three axes: the

transversal (x-) axis, the longitudinal (y-) axis and the sagittal
(z-) axis.

Statistical analysis was performed using GraphPad Prism
8. Normal distribution was tested applying the Kolmogoroff-
Smirnoff-Lilliefors test (KLS-Test). Data was analyzed using the
Kruskal-Wallis test, p < 0.05 was considered significant. Further
analysis comparing the accuracy in the different test series was
performed using the Dunn’s test. For figure editing, Microsoft
PowerPoint for Mac Version 16.16.27 was used.

RESULTS

Robotic Experiment

Robotic accuracy was determined, with an arithmetic mean of the
TPE 0f 0.53 mm (SD =+ 0.27 mm, 95% CI 0.41-0.55 mm, Table 1).
The depth deviation along the trajectory was calculated using the
scalar product of the Euclidian distance and the vector of the

actual trajectory, the probe vector n (Figure 3B). Negative values
represent a position before reaching the target point, positive
values a position beyond the target point. The mean depth
deviation along the trajectory was —0.22mm (SD £ 0.24 mm,
95% CI —0.25 to —0.14 mm, Table 2). The mean lateral deviation
amounted to 0.43mm (SD =+ 0.26 mm, 95% CI 0.32-0.49 mm,
Table 3). The mean deviation in all three axes was determined
with —0.01 mm (SD =+ 0.34 mm, 95% CI —0.11-0.09 mm) in the
transversal axis and more prominent differences of 0.22 mm (SD
=+ 0.24 mm, 95% CI 0.15-0.29 mm) in the longitudinal axis and
0.23mm (SD £ 0.29 mm, 95% CI 0.15-0.31 mm) in the sagittal
axis (Table 4).

Frame-Based Experiment

The TPE in the frame-based setting was determined with a mean
of 0.72mm (SD =+ 0.31 mm, 95% CI 0.63-0.8 mm). The mean
depth deviation amounted to —0.20 mm (SD =+ 0.21 mm, 95%
CI—0.26 to —0.14 mm), the mean lateral deviation to 0.65 mm
(SD =+ 0.33mm, 95% CI 0.55-0.74 mm). Depth deviation was
negative in most cases.

Further analysis of the directional error showed a mean
deviation in the transversal axis of —0.21 mm (SD =+ 0.37 mm,
95% CI —0.31 to —0.11 mm), a mean longitudinal deviation
of 0.18 mm (SD £ 0.20mm, 95% CI 0.12-0.24 mm) and a
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CT-scan for Frame referencing

e referencing with existing dat:
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Probe
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X-Ray in two planes

R e s e

FIGURE 2 | Workflow (A) CT scan with the Open CT Indicator attached to the frame for referencing and generation of planning data. (B) Manual identification of the
sphere center and trajectory planning, followed by replacing the spherical rods for the tip rods. (C) Referencing of the Leksell frame was already accomplished with the
initial referencing and planning CT scan. Referencing of the robotic system via localizer disks attached to the Leksell frame. The robotic arm is therefore manually
guided to nine indentations on three localizer disks fixed to the frame. (D) The x-, y-, z- coordinates, the arc and ring angle of the planned trajectories are calculated by
the IPS planning software for the frame-based stereotactic experiment and manually transferred to the frame and the attached Leksell Multi-Purpose Stereotactic Arc.
In the robotic experiment, the robotic arm automatically drives to the planned trajectory. (E) The final position of the probes positoned along the trajectories was
controlled with X-ray in two planes, anterior-posterior and lateral, using a permanently installed X-ray unit. (F) For both experiments, X-rays were uploaded to the
ROSA-software and fused with the planning data depicting the planned trajectories (bold arrow). Coordinates of the 1.6 mm diameter probe’s center at the endpoint
and the tip of the spike-shaped probe, respectively, were visually determined and used to calculate the ED, the depth deviation, the lateral deviation and the deviations
in all three axes. STX, frame-based experiment.

Frontiers in Neurorobotics | www.frontiersin.org 4 March 2022 | Volume 16 | Article 762317


https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

Spyrantis et al.

Accuracy in Robotics and Stereotaxy

Ar: euclidian deviation
Aa: depth deviation
Ab: lateral deviation

needle point

Ar

target
Probe vector 7

A Ar = /(Ax? + Ay? + Az?)

FIGURE 3 | Formulas for the calculation of (A) the Euclidian distance (ED) Ar, (B) the depth deviation Aa, defined as the scalar product of the ED and the probe
vector divided by the amount of the probe vector and (C) the lateral deviation Ab, based on the previously calculated depth deviation.

TABLE 1 | Target point error in Leksell-frame and ROSA robot.

TABLE 3 | Lateral deviation in Leksell-frame and ROSA robot.

Target point error Leksell®-Frame ROSA®-Robot

Lateral deviation Leksell®-Frame ROSA®-Robot

Arithmetic mean [mm] 0.72 0.53* Arithmetic mean [mm] 0.65 0.43*
Standard deviation [mm] 0.31 0.27 Standard deviation [mm] 0.33 0.26
95%-Cl [mm] 0.63-0.81 0.41-0.55 95%-ClI [mm] 0.55-0.74 0.32-0.49
"Statistically significant. "Statistically significant.

TABLE 2 | Depth deviation in Leksell-frame and ROSA robot.

Depth deviation Leksell®-Frame ROSA®-Robot

arithmetic mean [mm] -0.2 -0.22
standard deviation [mm] 0.21 0.24
95%-Cl [mm] —0.26 to—0.14 —0.25t0—0.14

mean deviation of —0.22 mm (SD = 0.57 mm, 95% CI —0.38 to
—0.06 mm) in the sagittal axis.

Comparing Accuracy of the ROSA Robot

and Frame-Based Stereotaxy

With an arithmetic mean TPE of 0.53 mm, the robotic procedure
was more accurate than the manually adjusted, frame-based
stereotactic procedure with a mean TPE of 0.72mm, the
difference was statistically significant (p = 0.0012, Table 1).
There was no statistically significant difference in depth deviation
(—0.22mm robotics vs. —0.2mm in stereotaxy, Table 2), but
a statistically significant difference in lateral deviation, which
was higher in stereotaxy (0.43 mm in robotics vs. 0.65mm in
stereotaxy, Table 3).

Deviations in the transversal, longitudinal and sagittal axes
were compared in both methods. Deviation did not differ
significantly in the transversal (p = 0.0598) or longitudinal axis
(p = 0.59). There was a statistically significant difference in
deviation in the sagittal axis (p < 0.0001). With the mean sagittal
deviation in stereotaxy being —0.22mm and 0.23mm in the
robotic experiment, the difference is caused by basically equal
deviations in opposite directions (Table 4).

TABLE 4 | Transversal-, longitudinal and sagittal deviation in Leksell-frame and
ROSA robot.

Directional error arithmetic mean [nm] Leksell®-Frame ROSA®-Robot

Transversal deviation —-0.21 —0.01

Longitudinal deviation 0.18 0.22
Sagittal deviation -0.22 0.23*
“Statistically significant.

An experimental evaluation of robotic and frame-based
mechanical accuracy was accomplished in this phantom study.
For both the robotic stereotactic experiment and the Leksell
frame-based stereotactic experiment, we used the same phantom,
the same referencing method, the same CT scanner and the same
X-ray device. Analysis of accuracy showed a very high mechanical
accuracy in the sub-millimeter range for both methods with a
mean TPE of only 0.53 mm in the robotic approach and a mean
TPE of 0.72 mm in classic frame-based stereotaxy.

The significant difference in the actual target point error
cannot be explained with an error in one specific axis. The
overall lateral deviation, describing a lateral error from the
planned trajectory in any direction, was significantly higher in the
frame-based procedure (0.65 mm) than in the robotic procedure
(0.43 mm), whereas depth deviation did not show a significant
difference. The mean depth deviation in our experiments was
negative, meaning the probe positioned along the trajectories did
in most cases not reach the actual target point. Interestingly, we
observed this in both the robotic experiment, with the automated
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robotic movement guiding the probe, as well as the frame-based
experiment, which requires manual adjustment of the probe
along the trajectory. It is therefore difficult to determine whether
we are looking at a systemic error in the experimental setup or
not, an explanation is yet to be found. Previous studies have
addressed inaccuracies in frame-based stereotactic procedures
due to asymmetrical mounting or distortions of the stereotactic
device (Treuer et al., 2004; Alptekin et al., 2019; Renier and
Massager, 2019). In the present phantom study, only the manual
attachment of the stereotactic arc and the trajectory adjustment
differed from the robotic procedure, not the positioning of
the frame. The results indicate a loss of precision due to
manual adjustments but cannot point out a cause for specific
directional errors.

There are several phantom studies analyzing the accuracy
of frame-based stereotactic devices. Maciunas et al. performed
a phantom study comparing the accuracy of four different
stereotactic frames (Galloway et al., 1991). Imaging for target
point definition was accomplished with a 1 mm layered CT scan.
The mean accuracy determined for the Leksell frame in this
study was 1.7mm (n = 900, SD + 1 mm, Min: 0.2 mm, Max:
4.9 mm), which is less accurate than both the robotic accuracy
and frame-based accuracy determined in our phantom study.
Possible explanations are a higher resolution of the 0.67 mm
slice CT scan we used in the present study as well as precise
radiographic determination of deviations in a permanently
installed X-ray unit.

Also, robotic stereotactic devices were analyzed in phantom
studies before. Cardinale et al. performed a phantom study
analyzing the Neuromate robotic system (Renishaw Mayfield SA,
Nyon, Switzerland) (Cardinale et al., 2017). With a 0.833 mm
layer thickness imaging (O-arm), the TPE amounted to 0.67 mm
using a neurolocation device and to 0.76 mm using the Talairach
frame for referencing. Li et al. compared the accuracy of the
Neuromate robot using different referencing methods. They
showed only slightly higher target point errors than Cardinale
et al. when determining the accuracy of the Neuromate robot
in a phantom study using a 2mm slice CT scan for frame
referencing. The average error for frame-based registration
of the Neuromate robot amounted to 0.86mm (Li et al.,
2002).

von Langsdorff et al. (2015) determined the accuracy of the
Neuromate robot on a phantom as well as in patients with
deep brain stimulation, applying frame-based referencing. In the
phantom experiment, the TPE amounted to 0.44 mm, which
is comparable to the accuracy of 0.53 mm we determined for
frame-based referencing of the ROSA robot in the present
phantom study.

With the exception of the study performed by Maciunas et al.,
these phantom studies report errors of <1 mm, comparable to
the accuracy we found in the robotic and Leksell frame-based
experimental procedures.

Another phantom study determining the accuracy of the
ROSA robot using different referencing methods was performed
by Lefranc et al. (2014). Frame-based (n = 20) as well as
frameless CT based referencing (n = 20) accomplished a target
accuracy of 0.3mm compared to 1.59 mm in frameless MRI

guided referencing (n = 20). Conform with the results in this
experimental setting, our previous study on procedural accuracy
with different referencing methods in patients with robotic
stereo electroencephalography (sEEG) showed a superiority of
CT based referencing compared to MRI based referencing. Both
frame-based referencing (TPE 2.28 mm) and laser scan-based
referencing of the face with a thin layer CT scan fused to the
planning MRI (TPE 2.41 mm) were significantly more accurate
than laser scan referencing based on the planning MRI alone
(TPE 3.51 mm) (Spyrantis et al., 2019). A more accurate frameless
registration was described by Liu et al. (2020) who published
a study analyzing in vivo accuracy of frameless bone fiducial
registration in ROSA robot-assisted DBS. Depending on the
method chosen for radiographic detection of the lead position,
the accuracy ranged from 0.57 to 1.1 mm.

Relevant procedural factors influencing accuracy are found
within the clinical application of the devices. The mechanical
distortion during frame fixation, for example, results in
inaccuracy of frame-based systems like the Leksell System (Renier
and Massager, 2019).

The main difference between frame-based and robotic surgery
is found within the final steps of the procedure, the adjustment of
the trajectory. Frame-based stereotaxy requires manual transfer
of coordinates from a planning software to the frame, which
might be a relevant factor for error. Some frame-based systems
have the possibility to check the trajectory and the instrument
used (e.g., biopsy needle) on a phantom before starting the actual
surgery. This is not possible with robotic systems. In contrast,
robotic surgery automatically translates planning into movement
and positions the robotic arm along the planned trajectory
(Spyrantis et al., 2019). Due to the automated workflow, robotic
procedures might have a relevant advantage.

LIMITATIONS

Inherent to the setup, data acquired in this experimental setting
cannot be transferred to the clinical routine: the phantom
does not imitate variables like the skin, skull and intracerebral
structures that might cause probe deviation and therefore
influence accuracy. Also, the fusion of images with different
resolutions of soft tissue and bone structures, like CT and MRI,
can result in deviations. There are many other procedural factors
influencing the accuracy, we therefore limit the comparison to
mechanical accuracy.

There are limitations in the experimental setting due to the
configuration of the phantom. For acquiring the planning CT,
targets are represented by a sphere with the target point being
defined as the center of that sphere. For detection of accuracy,
target points are represented by needle tips. Minor deviations can
therefore not be excluded. Both the spheres and needle tips are
metal devices, in the X-ray as well as the CT scan, metal results
in artifacts, causing possible deviations on imaging. The metal
rods are manually positioned in the phantom’s cavities but not
fixed. There is no retainer keeping them in position, the definite
position of the movable rods can only be controlled manually.
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Hence, the actual target point is mobile and therefore a
potential source for error. Apart from the mechanical deviations,
there is a possible examiner bias when determining the target
point. The definition of the target point within the sphere is not
automated but determined by the examiner, who is manually
placing the target point into the center of the sphere depicted
by the ROSA software. Also the final position of the probe’s tip
is manually determined and theoretically biased as the initially
defined trajectory and target point are virtually depicted during
this process. Future studies may utilize shape-fitting software
in order to improve the process of visually determining the
target point.

The imaging error is a summary of deviations occurring
in the process of determining the coordinates. This includes
the accuracy and resolution of the CT scan and the X-ray
detecting the frame-based coordinate system for referencing as
well as depicting the target. When registering the coordinate
system, only minor deviations are evaluated as acceptable by
the software. Both the Leksell frame and the ROSA are subject
to regular calibrations, correcting fluctuations in accuracy. The
permanently installed X-ray unit we used for our experiment
was constructed to precisely determine the final position of
a stereotactic probe during surgery. The superiority regarding
image resolution of most stationary X-ray units compared to
mobile units was shown before (Naji et al., 2016). With a pixel
size of 0.175mm and an image resolution index of 2 Ip/mm
(linepairs/mm) in both the sagittal and the anterior-posterior
X-ray unit, this 3D X-ray solution is considered accurate.
Nevertheless, we determined an approximation of the imaging
error inherent to our experiment: We merged the planning data
depicting the planned target point with the final X-ray depicting
the actual position of the target point and the final position of the
probe. We did not only calculate the Euclidian distance between
the actual target point and the probe, but also the Euclidian
distance between the planned and the actual target point depicted
in the X-ray. We then calculated a mean imaging error of
0.70 mm (SD =+ 0.18 mm, 95% CI 0.66-0.78 mm). This imaging
error may therefore be considered a combined CT- and X-ray
imaging error, including the referencing error. With an imaging
error in the sub-millimeter range, we consider this X-ray unit an
adequate tool for our experiment. A previous study determining
the orientation angle of DBS leads confirms high accuracy of the
X-ray unit (Sitz et al., 2017).

The resolution of both the imaging used for trajectory
planning and of the X-ray used for analysis remained the same

REFERENCES

Alptekin, O., Gubler, F. S., Ackermans, L., Kubben, P. L., Kuijf, M. L., Kocabicak,
E., et al. (2019). Stereotactic accuracy and frame mounting: A phantom study.
Surg. Neurol. Int. 10, 1-7. doi: 10.25259/SNI-88-2019

Brandmeir, N. J., Savaliya, S., Rohatgi, P., and Sather, M. (2018). The
comparative accuracy of the ROSA stereotactic robot across a wide range of
clinical applications and registration techniques. J. Robot. Surg. 12, 157-163.
doi: 10.1007/s11701-017-0712-2

Cardinale, F. (2015). Stereotactic Robotic application accuracy is very high in “in
vivo” procedures. Stereotactic Funct. Neurosurg. 93:68. doi: 10.1159/000368910

for both experimental procedures. While we report a high level of
accuracy by employing the experimental setup described above,
our findings have to be critically discussed in light of the above-
mentioned imaging error. We conclude that both setups display
an excellent degree of accuracy, that may however only be
achieved in an experimental setup such as in our phantom study.

The results cannot be transferred to other robotic devices due
to obvious differences in design and workflow.

CONCLUSION

In this elaborate experimental setting, using the same imaging
and referencing method, we accomplished direct comparison of
frame-based and robotic accuracy. Both methods proved very
precise. Assessment indicated a higher degree of accuracy in
robotic procedures.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

AS contributed to the study conception and design, was in charge
of the project administration, data curation, and interpretation
and wrote the original manuscript draft. TF contributed to
the study conception and design, project administration, data
curation and interpretation, reviewing, and editing. TW and AC
contributed to the data curation, interpretation and illustration,
both their doctoral theses are part of this study. HT contributed
to the study conception and design, material preparation
and data analysis, and commented on the manuscript. DR,
AG, KL, MR, and VV-V contributed to data curation and
validation. EH contributed to data interpretation and statistical
analysis. FG and MC contributed to data interpretation and
commented on the manuscript. All authors added intellectual
content and approved of the final version of the manuscript
before submission.

FUNDING

AS received funding from the German Society of Neurological
Surgery for this study, the Traugott-Riechert scholarship.

Cardinale, F., Rizzi, M., D’Orio, P., Casaceli, G., Arnulfo, G., Narizzano,
M., et al. (2017). A new tool for touch-free patient registration for
robot-assisted intracranial surgery: Application accuracy from a phantom
study and a retrospective surgical series. Neurosurg. Focus. 42, 1-7.
doi: 10.3171/2017.2.FOCUS16539

de Benedictis, A., Trezza, A., Carai, A., Genovese, E., Procaccini, E., Messina, R.,
et al. (2017). Robot-assisted procedures in pediatric neurosurgery. Neurosurg.
Focus. 42, 1-12. doi: 10.3171/2017.2.FOCUS16579

Faraji, A. H., Remick, M., and Abel, T. J. (2020). Contributions of robotics to the
safety and efficacy of invasive monitoring with stereoelectroencephalography.
Front. Neurol. 11, €570010. doi: 10.3389/fneur.2020.570010

Frontiers in Neurorobotics | www.frontiersin.org

March 2022 | Volume 16 | Article 762317


https://doi.org/10.25259/SNI-88-2019
https://doi.org/10.1007/s11701-017-0712-2
https://doi.org/10.1159/000368910
https://doi.org/10.3171/2017.2.FOCUS16539
https://doi.org/10.3171/2017.2.FOCUS16579
https://doi.org/10.3389/fneur.2020.570010
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

Spyrantis et al.

Accuracy in Robotics and Stereotaxy

Fomenko, A., and Serletis, D. (2018). Robotic stereotaxy in cranial
neurosurgery: a qualitative systematic review. Neurosurgery 83, 642-650.
doi: 10.1093/neuros/nyx576

Galloway, R. L., Maciunas, R. J., and Latimer, J. W. (1991). The accuracies of four
stereotactic frame systems: an independent assessment. Biomed. Instrument.
Technol. 25, 457-460.

Lefranc, M., Capel, C., Pruvot, A. S., Fichten, A., Desenclos, C., Toussaint, P.,
et al. (2014). The impact of the reference imaging modality, registration
method and intraoperative flat-panel computed tomography on the accuracy
of the ROSA®) stereotactic robot. Stereotact. Funct. Neurosurg. 92, 242-250.
doi: 10.1159/000362936

Lefranc, M., Capel, C., Pruvot-Occean, A. S., Fichten, A., Desenclos, C., Toussaint,
P., et al. (2015). Frameless robotic stereotactic biopsies: A consecutive series of
100 cases. J. Neurosurg. 122, 342-352. doi: 10.3171/2014.9.JNS14107

Li, Q. H., Zamorano, L., Pandya, A., Perez, R., Gong, J., and Diaz, F. (2002). The
Application Accuracy of the neuromate robot—a quantitative comparison with
frameless and frame-based surgical localization systems. Computer Aided Surg.
7,90-98. doi: 10.3109/10929080209146020

Liu, L., Mariani, S. G., de Schlichting, E., Grand, S., Lefranc, M., Seigneuret,
E., et al. (2020). Frameless ROSA® robot-assisted lead implantation for
deep brain stimulation: technique and accuracy. Oper. Neurosurg. 19, 57-64.
doi: 10.1093/0ons/opz320

Livermore, L. J., Ma, R., Bojanic, S., and Pereira, E. A. C. (2014). Yield and
complications of frame-based and frameless stereotactic brain biopsy - The
value of intra-operative histological analysis. Br. J. Neurosurg. 28, 637-644.
doi: 10.3109/02688697.2014.887657

Lu, C, Chen, S., An, Y., Meng, F., Wang, Y., Wei, P., et al. (2021). How can
the accuracy of SEEG be increased? An analysis of the accuracy of multilobe-
spanning SEEG electrodes based on a frameless stereotactic robot-assisted
system. Ann. Palliative Med. 10:25. doi: 10.21037/apm-20-2123

Maciunas, R. J., Galloway, R. L., Latimer, ], Cobb, C., Zaccharias, E.,
Moore, A., et al. (1992). An independent application accuracy evaluation
of stereotactic frame systems. Stereotactic Funct. Neurosurg. 58, 103-107.
doi: 10.1159/000098981

Marcus, H. J., Vakharia, V. N., Ourselin, S., Duncan, J., Tisdall, M., and
Aquilina, K. (2018). Robot-assisted stereotactic brain biopsy: Systematic
review and bibliometric analysis. Childs Nervous System. 34, 1299-1309.
doi: 10.1007/s00381-018-3821-y

Naji, A., Naji, A. T., and Jaafar, M. S. (2016). Enhancement of X-ray image’s
resolution by using fabricated anti backscattered radiation grids. Int. J. Eng.
Res. Sci. 2, 93-98.

Neudorfer, C., Hunsche, S., Hellmich, M., El Majdoub, F., and Maarouf, M. (2018).
Comparative study of robot-assisted versus conventional frame-based deep
brain stimulation stereotactic neurosurgery. Stereotact. Funct. Neurosurg. 96,
327-334. doi: 10.1159/000494736

Philipp, L. R., Matias, C. M., Thalheimer, S., Mehta, S. H., Sharan, A., and
Wu, C. (2021). Robot-assisted stereotaxy reduces target error: a meta-

analysis and meta-regression of 6056 trajectories. Neurosurgery 88, 222-233.
doi: 10.1093/neuros/nyaa428

Renier, C., and Massager, N. (2019). Targeting inaccuracy caused by mechanical
distortion of the Leksell stereotactic frame during fixation. J. Appl. Clin. Med.
Phys. 20, 27-36. doi: 10.1002/acm2.12576

Sitz, A., Hoevels, M., Hellerbach, A., Gierich, A., Luyken, K., Dembek, T. A,, et al.
(2017). Determining the orientation angle of directional leads for deep brain
stimulation using computed tomography and digital x-ray imaging: A phantom
study. Med. Phys. 44, 4463-4473. doi: 10.1002/mp.12424

Spyrantis, A., Cattani, A., Strzelczyk, A., Rosenow, F., Seifert, V., and Freiman,
T. M. (2018). Robot-guided stereoelectroencephalography without a computed
tomography scan for referencing: Analysis of accuracy. Int. J. Med. Robot.
Comp. Assisted Surg. 14:1888. doi: 10.1002/rcs.1888

Spyrantis, A., Cattani, A., Woebbecke, T., Konczalla, J., Strzelczyk, A., Rosenow, F.,
et al. (2019). Electrode placement accuracy in robot-assisted epilepsy surgery:
A comparison of different referencing techniques including frame-based CT
versus facial laser scan based on CT or MRIL Epilepsy Behav. 91, 38-47.
doi: 10.1016/j.yebeh.2018.11.002

Treuer, H., Hunsche, S., Hoevels, M., Luyken, K., Maarouf, M., Voges, J., et al.
(2004). The influence of head frame distortions on stereotactic localization and
targeting. Phys. Med. Biol. 49, 3877-3887. doi: 10.1088/0031-9155/49/17/004

von Langsdorff, D., Paquis, P., and Fontaine, D. (2015). In vivo measurement of
the frame-based application accuracy of the Neuromate neurosurgical robot. J.
Neurosurg. 122, 191-194. doi: 10.3171/2014.9.JNS14256

Yasin, H., Hoff, H.-J., Blimcke, I, and Simon, M. (2019). Experience with 102
frameless stereotactic biopsies using the neuromate robotic device. World
Neurosurg. 123, e450-e456. doi: 10.1016/j.wneu.2018.11.187

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Spyrantis, Woebbecke, Ruefs, Constantinescu, Gierich, Luyken,
Visser-Vandewalle, Herrmann, Gessler, Czabanka, Treuer, Ruge and Freiman. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurorobotics | www.frontiersin.org

March 2022 | Volume 16 | Article 762317


https://doi.org/10.1093/neuros/nyx576
https://doi.org/10.1159/000362936
https://doi.org/10.3171/2014.9.JNS14107
https://doi.org/10.3109/10929080209146020
https://doi.org/10.1093/ons/opz320
https://doi.org/10.3109/02688697.2014.887657
https://doi.org/10.21037/apm-20-2123
https://doi.org/10.1159/000098981
https://doi.org/10.1007/s00381-018-3821-y
https://doi.org/10.1159/000494736
https://doi.org/10.1093/neuros/nyaa428
https://doi.org/10.1002/acm2.12576
https://doi.org/10.1002/mp.12424
https://doi.org/10.1002/rcs.1888
https://doi.org/10.1016/j.yebeh.2018.11.002
https://doi.org/10.1088/0031-9155/49/17/004
https://doi.org/10.3171/2014.9.JNS14256
https://doi.org/10.1016/j.wneu.2018.11.187
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

	Accuracy of Robotic and Frame-Based Stereotactic Neurosurgery in a Phantom Model
	Introduction
	Materials and Methods
	Robotic Experiment
	Frame-Based Experiment
	Analysis

	Results
	Robotic Experiment
	Frame-Based Experiment
	Comparing Accuracy of the ROSA Robot and Frame-Based Stereotaxy

	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


