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Aims
To report the development of the technique for minimally invasive lumbar decompression using
robotic-assisted navigation.

Methods

Robotic planning software was used to map out bone removal for a laminar decompression
after registration of CT scan images of one cadaveric specimen. A specialized acorn-shaped
bone removal robotic drill was used to complete a robotic lumbar laminectomy. Post-procedure
advanced imaging was obtained to compare actual bony decompression to the surgical plan.
After confirming accuracy of the technique, a minimally invasive robotic-assisted laminectomy
was performed on one 72-year-old female patient with lumbar spinal stenosis. Postoperative
advanced imaging was obtained to confirm the decompression.

Results

A workflow for robotic-assisted lumbar laminectomy was successfully developed in a human
cadaveric specimen, as excellent decompression was confirmed by postoperative CT imaging.
Subsequently, the workflow was applied clinically in a patient with severe spinal stenosis.
Excellent decompression was achieved intraoperatively and preservation of the dorsal midline
structures was confirmed on postoperative MRI. The patient experienced improvement in
symptoms postoperatively and was discharged within 24 hours.

Conclusion

Minimally invasive robotic-assisted lumbar decompression utilizing a specialized robotic bone
removal instrument was shown to be accurate and effective both in vitro and in vivo. The robotic
bone removal technique has the potential for less invasive removal of laminar bone for spinal
decompression, all the while preserving the spinous process and the posterior ligamentous
complex. Spinal robotic surgery has previously been limited to the insertion of screws and, more
recently, cages; however, recent innovations have expanded robotic capabilities to decompres-
sion of neurological structures.

Take home message patient outcomes in treating lumbar spinal
- This study introduces a new robotic- stenosis.

assisted technique for minimally invasive

lumbar decompression, showing promise Introduction

in both cadaveric and clinical settings. Over the last two decades, robotic surgery
- It expands robotic spinal surgery capabili- systems have become increasingly used in

ties, potentially improving precision and spinal instrumentation procedures. Until now,

the primary capability of robotic-assisted
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navigation (RAN) in spinal surgery has been in enhancing
the accuracy and precision of pedicle screw placement. Other
aspects of the procedure, namely neurological decompression,
lack a fully developed robotic-assisted protocol.'?

Decompressive lumbar laminectomy is a commonly
performed surgical procedure that historically has been
performed manually in an open fashion. Generally, the
technique involves thinning and removing the lamina
under direct visualization after first resecting the more
dorsally located spinous process(es).’ To facilitate the manual
decompression portion of the procedure, a hand-held
high-speed burr is often used. Thinning of the lamina involves
first removing the dorsal laminar cortex and the intervening
cancellous bone, leaving only the ventral cortex of the lamina
intact. This precedes further bone removal with Kerrison
rongeurs. While this technique remains effective, some
conceptual limitations exist, specifically the surgeon requiring
visual and haptic feedback to effectively and efficiently isolate
the lamina’s ventral cortex.

Additionally, determining the optimal amount of
laminar decompression can pose significant challenges to
even the most experienced surgeons. While inadequate
decompression may limit symptom improvement and
potentially precipitate revision surgery and its associated risks,
excessive decompression may result in injury to biomechan-
ically essential structures. Increased postoperative pain and
blood loss have been reported,”* with iatrogenic instability
secondary to fracture of the pars interarticularis resulting in
spondylolisthesis, a notable complication.®’

While traditional open laminectomy remains a
common surgical technique for lumbar spinal stenosis,
minimally invasive approaches such as microscopic tubular
and endoscopic spinal decompression have shown to be
effective treatment alternatives.® Endoscopic techniques, in
fact, have shown even greater advantages over microscopic
tubular approaches, including reduced intraoperative blood
loss, shorter hospital stays, and lower rates of incidental
durotomy and surgical site infections.®’

While very little literature exists to date, robotic
systems have been considered as an adjunct to assist in
spinal decompression procedures. In a preliminary animal
study, Li et al'® performed laminectomies using a robot-navi-
gated piezoelectric osteotome in 30 porcine lumbar verte-
brae, demonstrating acceptable safety when compared to
manual laminectomy. In a follow-up study using the same
robotic system, accuracy was demonstrated in consecutive
human cadaveric thoracic and lumbar laminectomies."” While
shown to be accurate, this instrument, a planar saw, has less
geometrical adaptability to decompressive procedures that
require smaller, more precise foci of decompression.

For this reason, a specialized robot-navigated acorn-
shaped drill, originally conceptualized with the intention of
facilitating facet joint decortication in posterior lumbar fusion
surgery, has been developed as a robotic bone removal
instrument.After noting promising results in posterior fusion
procedures, this study assesses the feasibility, safety, and
efficacy of employing this robotic bone removal instrument
in performing a robotic-assisted lumbar laminectomy. Thus,
we present a proof-of-concept study, initially conducted in a
cadaveric in vitro model and subsequently extended to clinical
use in a patient with symptomatic lumbar spinal stenosis.
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Surgical technique

The safety and efficacy of a specialized acorn-shaped bone
removal robotic drill (Mazor X version 5.0; Medtronic, Ireland)
in completing a lumbar laminectomy was evaluated in one
cadaveric 73-year-old female specimen. Ethical approval was
obtained from the Institutional Review Board at the Hospi-
tal for Special Surgery (USA) (IRB#2019-1402). The study was
conducted following the Declaration of Helsinki (as revised in
2013)."2

RAN workflow

To optimize the workflow of this novel surgical technique,
several principles of RAN were considered.” First, preopera-
tive 3D imaging such as CT or MRI of the region of interest
is essential for robotic navigation planning."'* These images
were uploaded to the robotic software (Mazor X version 5.0)
for surgical pre-planning. The robotic system employed in
this study was a table-mounted device that provides inherent
stability through direct physical connection to the specimen
or patient. This connection was established via a pin or clamp
attached to the patient’s bony anatomy, depending on the
target area. To align preoperative imaging with the patient’s
physical anatomy, intraoperative radiographs are acquired and
co-registered with the preoperative data. During the proce-
dure, various surgical tools can be navigated, including drills
and taps for pedicle screw placement, as well as an acorn-sha-
ped drill for bone removal.

Preprocedure imaging

For the cadaveric specimen, both a CT scan (GE Discov-
ery/LightSpeed; GE Healthcare, USA) and a non-contrast MRI
scan using a clinical 3.0 T magnet scanner (GE Healthcare)
employing a spoiled gradient-recalled (SPGR) sequence, were
completed in the pre-procedure stages.

Surgical and robotic setup

The specimen was positioned prone on a Jackson table, and
the robot’s base was placed at the foot of the bed, allowing
ample space for both the robotic arm mount and the image
intensifier (OEC 9900 Elite; GE Healthcare). Docking the robotic
system to bony anatomy required an incision over the right
posterior superior iliac spine (PSIS), followed by placement of a
Schanz pin for rigid fixation into which the Shanz ball adaptor
can be secured.

Imaging registration

The preprocedural images — a SPGR MRI - were loaded into
the robotic navigation software. Prior to initial incision, an
“intraprocedural-scan-and-plan” step was performed. Then,
2D fluoroscopic images were obtained with a mobile image
intensifier in the anteroposterior and oblique views, which
were then co-localized with the software planning template to
confirm accuracy of the spinal segments.

Planning the laminectomy

The acorn-shaped bone removal robotic drill was selected
in the planning software to define the extent of laminar
decompression. The decompression software model compri-
ses the proposed defect (green) (Figure 1). Additionally, two
numbers are displayed: one in millimetres (mm) indicating
the entry point’s distance from the midline, and another in
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Fig. 1
Planning of the bone removal robotic drill for the laminectomy in the cadaver was done on the a) axial and b) sagittal views using two drills with
depths of 10 mm and 20 mm, respectively. This allowed for sparing of the ventral laminar cortex and protection of the bilateral facet joints.

degrees representing the drill channel’s angle relative to the
midline. The diameter of the bone removal instrument is
7.5 mm; its penetration depth, however, is adjustable, ranging
from 8 to 20 mm, and mostly dependent on the pre-procedure
decompression plan.

Two drill trajectories were planned on the lamina at
the level of the intervertebral disc for an “over-the-top” type
laminar decompression. The diameter of the bone removal
robotic drill (7.5 mm) at a depth of 15 mm was planned to
remove the dorsal laminar cortex and intervening cancellous
bone while sparing the ventral cortex as well as the adjacent
facet joints (Figure 1).

Cadaveric procedure

The robotic arm was sent to the starting point of each
pre-planned drill trajectory. Once all starting points were
marked at the skin level, one transverse incision was made
paravertebrally, 3 cm from the midline, allowing for a
unilateral, modified Wiltse approach with a longitudinal fascial
incision (Figure 2)."”

Robotic-assisted laminectomy

A navigated localizing probe was used to confirm the
appropriate trajectory for the predefined bone removal
robotic drill (Figure 3). After approving the established
anatomical trajectory, the robotic bone removal drill was
inserted and advanced. Upon reaching the end of the
pre-planned trajectory, a red circle appeared on the trajec-
tory view, indicating completion of the decompressive drilling
(Figure 3). In the cadaveric specimen, two drill tunnels were
created at the L3/4 level. No additional manual decompression

was done after using the bone removal robotic drill, in order
to better evaluate the true extent of bony decompression on
post-procedural imaging.

Post-procedural imaging

A post-procedural CT scan of the cadaver was obtained to
assess the laminectomy defect created with the acorn-shaped
bone removal robotic drill. CT scan confirmed that the dorsal
cortex of the lamina and the intervening cancellous bone were
removed as planned, while only the ventral cortex was left
(purposely) intact (Figure 4). No injury to the facet joints was
evident on the post-procedural scan.

Patient (clinical application)

A 72-year-old female patient was experiencing symptoms of
spinal stenosis (neurogenic claudication) and radiculopathy
(left leg pain) with imaging evidence of spinal canal stenosis
(Schizas C) at the L3/4 level (Figure 5).'® While the patient
had evidence of a grade | spondylolisthesis at the affected
level, this was deemed stable on dynamic flexion-extension
radiographs. Thus, a minimally invasive, spinous process-spar-
ing L3/4 decompression without fusion was recommended for
this patient.

Imaging

In the patient’s preoperative workup, a CT scan using standard
department protocol 0.75 mm axial slices and a non-contrast
MRI scan using a clinical 3.0 T magnet scanner were obtained.
After administration of general endotracheal anaesthesia,
the patient was positioned prone on a Jackson table. The
robotic setup was completed as previously described in
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Fig. 2

Minimally invasive skin incision incorporating both trajectories at the level of the skin, along the paths predefined by the robot after preoperative
surgical planning. Note the plan for a transverse skin incision located 3 cm lateral to the midline (unilateral, modified Wilste approach).

the cadaveric procedure section. The preoperative CT scan
was loaded into the robotic navigation software. CT scan
to fluoroscopy registration co-localization was performed, as
previously described in the 'imaging registration’ section.

Planning the laminectomy
The planned decompressive laminectomy required four
different passes of the robotic bone removal instrument
(7.5 mm diameter) with depths of 8, 10, 15, and 15 mm
(Figures 6a and 6b). As the patient was experiencing pre-
dominantly left leg pain, a right-to-left over-the-top decom-
pression technique was chosen for maximal decompression
of the left-sided lateral recess. In sum, four drill paths were
planned, with two positioned inferiorly and two superiorly on
the lamina in the sagittal plane. All four of the planned drill
paths were parallel to one another when viewed in both the
axial and sagittal planes. To facilitate the preplanning process,
a 3D reconstruction of the planned drill trajectories was also
created (Figure 6¢).

During the preoperative planning phase, an important
consideration for keeping the surgical approach minimally
invasive (i.e. a small skin incision) is precisely planning the
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locations and angles of the drill trajectories. When multiple
bone removal drill passes are required, such as for a full
laminectomy versus a laminotomy procedure, it is crucial to
plan all of the robotic drill trajectories to parallel one another.
Ensuring the drill paths are parallel when extended out toward
the patient’s skin level avoids the need for multiple separate
skin incisions and allows all of the deeper work to be possible
through a single small skin incision.

Surgery

The robotic arm was sent to the starting point of each
predefined drill trajectory; all points were marked at the skin
level, and one transverse incision was made, allowing for a
unilateral, modified Wiltse approach to pass the robot-guided
cannula down to the dorsal lamina."

After reaching the lamina, the same procedure,
employing a blunt localizing probe and the robotic bone
removal instrument, was repeated in succession for the four
predefined trajectories. The four drill paths were completed in
an “over-the-top” fashion, with two focused on the ipsilateral
and two focused on the contralateral lamina.
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Fig.3
After reaching the lamina, a navigated probe was used to confirm correct bony localization along the predefined drill in both the a) axial and
b) sagittal planes. The bone removal robotic drill was inserted and drilled along the predefined trajectory in both the c) axial and d) sagittal views.

Fig. 4
Postoperative CT scan a) axial and b) sagittal views highlighting the extent of the laminectomy defect created by the robotic drill, with sparing of the
ventral cortex evident.
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Fig.5

Preoperative MRl scan in a) sagittal and b) axial views showing spinal canal stenosis (Schizas C) at the L3/4 level.

Intraoperative verification

To monitor the extent of the laminar decompression intraoper-
atively, an endoscopic view was obtained, confirming the four
drill holes (Figure 7). Consistent with the preoperative plan,
the dorsal cortex as well as the intervening cancellous bone
was removed, leaving just the ventral laminar cortex intact.
Additional bony removal was thus necessary to complete
the neurological decompression. This was performed with a
navigated handheld burr and a Kerrison rongeur to remove
the last thin layer of ventral lamina. After complete ventral
laminar bone removal, attention was turned to removal of the
ligamentum flavum, ultimately exposing the thecal sac and
completing the decompression.

Postoperative imaging and clinical follow-up

The patient remained hospitalized overnight and was
discharged to home the following morning without any
complications. Her preoperative neurological symptoms had
improved by the time of hospital discharge. At three weeks'’
follow-up, a postoperative MRI was obtained, which confirmed
adequate neurological decompression (Figure 8).

Discussion

Surgical procedures have historically required manual
craftsmanship obtained only after years of training. In recent
years, the healthcare industry, like many other industries,
has prioritized automation and mechanization to improve
precision and efficiency. General surgery was among the
first of the surgical specialties to embrace robotics for this
purpose. With increased robotics usage, general surgery
experienced a decrease in traditional laparoscopic minimally
invasive-type surgeries.'” Subsequently, in the late 2010s,
navigation was integrated with robotics into the field of spinal
surgery. This development resulted in a spike in the adop-
tion of robotic spinal surgery procedures worldwide, with the
estimated market for robotics in spinal surgery increasing from
$26 million in 2019 to $2.77 billion by 2022."
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While the benefits of robotic pedicle screw placement
have been shown, before now, due to the intimate relation-
ship of the spine anatomy to critical neurovascular struc-
tures, robotic spinal decompression has been underutilized,
limited to manual techniques.' Here, we report the first study
exploring robotic laminectomy using a specialized robotic
bone removal instrument, with demonstrated efficacy both
in vitro and in vivo. Based on our findings, with adequate
preoperative planning, accurate removal of the dorsal laminar
cortex and intervening cancellous bone can be efficiently
performed using robotic assistance.

The proposed advantage of employing RAN is the
swift and precise removal of the dorsal laminar cortex.
While the dorsal laminar cortex is not compressive in nature,
its presence anatomically limits the surgeons’ ability to
address and remove the compressive ventral structures -
the ventral laminar cortical bone and the underlying hyper-
trophic ligamentum flavum. As illustrated in Figure 4, precise
removal of the dorsal cortex (typically done with a hand-held
high-speed burr, a potentially dangerous instrument) through
robotic planning preoperatively is a safe manoeuvre that
leaves only a thin residual ventral cortical shell for manual
removal. Once the laminar bone has been ‘egg-shelled’ out
robotically, the final layer of decompression may be achieved
manually with instruments such as curettes and Kerrison
rongeurs.

Future developments in instrumentation and robotic
sensors may, in fact, one day allow for completion of the final
layer of decompression robotically. However, while still in the
early stages of development, this step remains manual for
now. With current technology, there certainly exist opportuni-
ties to increase the depth of bone removal and thus further
thin the ventral lamina, which would of course decrease the
volume of residual manual decompression to be completed.
This, for example, is likely most feasible at the caudal aspect of
the lamina to be decompressed, where underlying ligamen-
tum flavum reliably serves as a physical buffer between the tip
of the robotic drill and the thecal sac.
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Fig.6

The laminectomy planning process required four different drill paths, all 7.5 mm in diameter and 8 mm (1), 15 mm (2), 10 mm (3), and 15 mm (4) in
depth. Two drill paths (1 and 2, image a) were planned more inferior (caudal) on the lamina in the sagittal plane than the other two (3 and 4, image
b), which were planned more superior (cranial) on the lamina. In the caudal aspect of the lamina (1 and 2), the presence of the flavum provides a
protective anatomical buffer, allowing a more aggressive approach with the drill when approaching the ventral laminar cortex. c) A 3D reconstruction

of the planned drill trajectories is represented in posterolateral and posterior views.
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Fig. 8

Axial postoperative spoiled gradient echo (SPGR)-MRI at three weeks’

follow-up. This image highlights the trajectories of the decompression

made with the bone removal robotic drill. Notably, additional manual
decompression with a navigated burr and a Kerrison rongeur was

Fig.7 performed, as described.

To monitor the extent of the decompression of the lamina, an endoscopic

viewing portal was used, showing the four drills created with the bone

removal robotic drill.

It is well known that wide laminectomy can potentially
result in future instability at the operative level.'”?° In the lower
lumbar levels, where the buttress of the pars interarticularis is
small and provides little support to the lamina, an aggressive
laminectomy is more likely to result in iatrogenic instability.”'
In addition to an automated and reproducible method for
controlling the amount of bony decompression and limiting
overresection, targeted robotic navigated decompression
helps to preserve the structural integrity of the posterior
ligamentous complex.”® Through a unilateral, modified Wiltse
approach that spares the midline structures, and completion
of the laminar decompression in an over-the-top fashion, this
procedure can be safely and effectively performed through a
small incision, all with limited soft-tissue compromise.?>*

This study is limited by its sample size, including only a
single cadaveric specimen and one patient, thereby restrict-
ing its generalizability to the broader lumbar spine surgery
population. As we have highlighted, a limitation specific to
the described technique is the final step of the decompres-
sion — removal of the ventral structure — which still must be
performed manually. That being said, we believe that with
increased experience and trust in the efficacy and safety of this
new technique, a more thorough robotic-assisted decompres-
sion is certainly possible. Finally, another limitation of the
proposed technique lies in the dimensions of the robotic
bone removal instrument which, at the time of this study, is
available only with a relatively robust 7.5 mm diameter. While
not all patients are of equal size and shape, this drill may be
oversized for some and must be considered in the preop-
erative planning phases. While recognizing that limitations
currently exist, many design and development opportunities
for a broadened selection of bone removal instruments exist
with further customization of both the hardware and software
involved.
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Future studies should focus on a larger number
of patients and attempt to quantify the benefits of
robotic decompression in terms of improved operating time,
perioperative recovery (with emphasis on minimal invasive-
ness), and, with time, long-term outcomes (limiting bony
overresection and preventing injury to the posterior ligamen-
tous complex).

In conclusion, robotic-assisted lumbar decompression
utilizing a specialized robotic bone removal instrument was
shown to be accurate and safe both in vitro and in vivo.
The technical considerations and workflow reported here
can serve as a foundation for future developments. This
new technique applies existing technology in a new fashion,
potentially offering improved precision, more reproducibility,
and less invasiveness when performing spinal decompression
surgery.
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