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Introduction

Spinal trauma is a common cause of acute spinal cord injury
in dogs and includes vertebral fracture, luxation, subluxa-
tion, or traumatic disc extrusion. Vertebral fracture and
luxation in dogs and cats are most frequently seen in the
thoracolumbar spine, followed by the lumbar spine.1,2Radio-
graphs have only amoderate sensitivity to diagnose fractures
and subluxations.3 Therefore, computed tomography (CT) is
the gold standard in veterinarymedicine for diagnosing bone

lesions in spinal trauma patients.3,4 Treatment options are
grossly divided into conservative and surgical therapies.
Therapy depends on factors such as initial neurological
status and general condition, type of injury, clinician’s pref-
erence, and financial situation of the owner.5,6 Surgical
therapy is usually recommended for decompression of the
spinal cord and unstable spinal column injuries.5,7,8

The unstable spinal column can be stabilizedwith either a
dorsal fixation of the dorsal spinous process with plastic or
metal plates, with multiple Steinmann pins, with or without
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Abstract Objective The main aim of this pilot study was to assess the feasibility of spinal
neuronavigation for plate fixation of lumbar vertebrae in miniature breed dogs using a
surgical navigation system in combination with a custom-made reference array.
Study Design This was an experimental cadaveric study in five miniature breed dogs.
Methods A 4-hole locking plate with four 2.0-mm locking screws was placed on two
adjacent lumbar vertebrae using a neuronavigation system consisting of a mobile cone
beam computed tomography linked to a navigation system. The procedure was
performed by a novice surgeon. The plate and screw positions were assessed for
surgical safety using predefined criteria. Surgical accuracy was determined by the
deviation of entry and exit points between pre- and postoperative images.
Results A total of five plates and 20 screws were placed. In 85% (17/20), screws were
placed appropriately. The median entry point deviation was 1.8mm (range: 0.3–3.7)
and the median exit point deviation was 1.6mm (range: 0.6–5).
Conclusion Achievement of surgical accuracy in the placement of screws for fixation
of lumbar vertebral plates in small breed dogs using neuronavigation with a custom-
made reference array by a novice surgeon resulted in surgical safe plate placement in
four of the five cadavers. Therefore, we judge the method as promising, however,
further studies are necessary to allow the transfer of image-guided navigation for
lumbar plate fixation into the clinic.
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polymethylmethacrylate with pedicle screws and rods or
vertebral body plating.9–13 Each technique has biomechani-
cal advantages and disadvantages, and the choice depends on
the surgeon’s preference.14–19 In general, an insertion angle
of at least 60 degrees to the sagittal plane of the vertebral
body for screws and pins in the lumbar region is considered
to be safe to avoid neurovascular structures.20 In small and
miniature breed dogs, there is a higher risk of misplacement
and mispositioning of pins or screws resulting in injury to
neurovascular structures.21,22 In human patients, similar
challenges can be overcome with the help of image-guided
neuronavigation, which offers greater safety and accuracy in
spinal surgery.23,24 Advantages of neuronavigation include
not only higher precision of surgery and shorter surgery
time,23,25,26 but also less radiation exposure compared to
intraoperative fluoroscopy.27 In veterinary medicine, publi-
cations on the use of neuronavigation are scarce and include
brain biopsy procedures28–30 and minimally invasive spinal
surgery applications in dogs.31

The objectives of this pilot study are to assess the feasibility,
accuracy, and safety of spinal neuronavigation for plate fixa-
tion of lumbar vertebrae in miniature breed dogs performed
by a novice surgeon.

Materials and Methods

Specimens and Preparation
Five miniature dogs (Chihuahuas [twomale and two female]
and a Yorkshire terrier [one male]) euthanatized for reasons
unrelated to this study and without a history of vertebral
column pathology were included in this ex vivo study. The
five skeletally mature cadavers had a median body weight of
1.38 kg (range: 1.17–1.7). All owners signed an informed
consent form, permitting the use of tissues and images for

teaching and research purposes. The studywas in accordance
with local ethical regulations.

The cadavers were frozen at �20°C and then thawed at
room temperature over 24 to 48hours.

Cadavers were positioned in sternal recumbency on a
carbon fibre table with slight axial rotation such that the
dorsal aspect of the cadaver was rotated away from the
surgeon by approximately 30degrees. Dogs were held in
position using a vacuum cushion,medical pads, and adhesive
tape. The left lumbar region was clipped and a standard
dorsolateral surgical approach with retraction of the epaxial
musculature was performed on the left side to expose the
dorsolateral surfaces of the vertebrae from L2 to L5.32

Navigation Procedure
Conventional human reference arrays are not intended for
small animals and are poorly adapted for miniature breeds. A
custom-made solution was therefore designed. The original
reference array (Reference array, StealthStation S7,Medtronic,
Inc., Littleton, MA) was first measured manually and then
simulated with planning software (Autodesk Fusion 360, Inc.,
CA). A 3D printer (Prusa i3 MK2, Prusa Research, Praha, Czech
Republic) produced a tracker made of polylactide. Differently
shapedadapters forfixationof the trackerat thedorsal spinous
processes were designed and 3D printed using polylactide,
see ►Fig. 1.33 The resulting printed reference array weighed
12g compared to 59g of the original reference array. The
reference array was attached to the adapters by press fit and
the adapters were fixed with three 1.25-mm Kirschner wires
(Kirschner wire with trocar tip, Synthes) to the spinous
process. This resulted in a rigid fixation of the reference array
to the spinous process (►Fig. 2).

The cadaver was placed on a radiolucent carbon fibre table
and centered in the middle of the O-arm (O-Arm, Medtronic,

Fig. 1 Comparison of the original and custom-made patient tracker. The bulky patient tracker from human medicine (A) is too heavy and big for
fixation at the dorsal spinous process of miniature breed dogs. Therefore, a custom-made 3D-printed reference array (B) was connected
via an adapter (1) for fixation to the spinous process. The reflective spheres (2) can be attached (3) to both reference arrays.
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Inc., Littleton, MA), which is a mobile cone beam computed
tomography (CBCT) of the navigation system. It also has fluo-
roscopy capability, which is used to confirm adequate position-
ing of the region of interest before 3D volumetric data are
acquired. The patient tracker, fitted with reflective beads
(fiducials) had been attached to the patient spinous process.

The infrared camera (Infrared Camera, StealthStation S7,
Medtronic, Inc., Littleton, MA) with two lenses for geometric
triangulation was positioned so that the reflective markers of

the patient tracker and the infrared light-emitting tracker of
the CBCTwere simultaneously detected by the camera during
scanning, see ►Fig. 3. As described in Guevar and colleagues,
the system, therefore, calculates the distance between the
patient tracker and the CT data.31 To perform the navigation, a
pointer device or another tracker device fitted with more
fiducials is brought into the visual field of the infrared camera
and the distance between the tracker and the CT data is
automatically calculated following a calibration step. From

Fig. 2 During surgery, the adapter (A) was fixated to the spinous process with three Kirschner wires inserted perpendicular through the spinous
process. The reference array (B) is then connected to the adapter.

Fig. 3 During neuronavigation, the gantry of the mobile cone beam computed tomography (CBCT) (A) is positioned around the patient. The
software of the navigation system (C) can match the acquired images with the patient’s anatomy if the infrared camera (B) is positioned
in front of the patient tracker (D) and the indicator box of the CBCT (E) during scanning. CBCT, cone beam computed tomography.
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there, the O-arm can be removed from the operation suite and
the surgeon navigates in real-time. The calibration step allows
the system to know the exact distance between the tip of the
instrument being used and the fiducials on the tracker at-
tached to it. Throughout the procedure, the surgeon needs to
be aware of three important aspects. First, the surgeon should
not stand in the way of the trajectory between the infrared
camera, the navigated instruments, and the patient tracker.
Second, the surgeon should make sure that there is a correct
correlationbetween thepatient andwhat is seen on the screen
before and during the procedure. This is done by positioning
the navigated pointer (Blunt Tip Pointer, Medtronic, Inc.,
Littleton, MA) on different bony landmarks in the three-
orientation axis. Third, the patient tracker should never be
displaced or touched during the procedure as it would lead to
inaccurate navigation. Volume acquisition by the CBCT results
in image reconstruction of a cylindrical volume of 21 cm in
diameter and 16cm in height with an acquisition matrix of
512�512, a spatial resolution of 0.415�0.415�0.833mm,
and a pixel pitch of 0.194mm.

Surgical Procedure
Two adjacent vertebral bodies excluding the thoracolumbar
and lumbosacral junction were randomly selected by the
preference of the novice surgeon for later plate osteosyn-
thesis with a 4-hole plate (Nonlocking 2.0mm plate, Zrinski,
D.O.O, Malinska, Croatia; ►Fig. 4). Osteotomy of the left
transverse processes was performed using a burr. The surgi-
cal procedure of a 4-hole plate fixation of two lumbar
vertebrae was performed by a novice surgeon without prior
neurosurgery experience. Since the surgeon was right-hand-
ed, the plate was always applied to the left side.

Using the neuronavigation system planning function, the
screw trajectorieswere planned onmultiplanar and volume-
rendered reconstructions, all displayed on one screen to plan

two bicortical screws in each adjacent vertebra. For each
trajectory, an entry point (cis cortex) and exit point (trans
cortex) for the vertebra were defined by the surgeon. After
planning the most cranial screw trajectory, a surgical drill
(Colibri, Synthes, GmbH, Oberdorf, Switzerland) instru-
mented with a small tracker (SureTrak 2 Silver Passive,
Medtronic, Inc., Littleton, MA) on the instrument shaft was
used to drill each trajectory without a drill sleeve into the
vertebrae following the onscreen plan.

This allows for real-time visual feedback on the screen
during drilling. Then, a 2.0-mm nonlocking screw (2.0mm
non-locking screws, Zrinski, D.O.O, Malinska, Croatia) with a
length of 12mmwasplacedwithin themost cranial platehole.
According to the position of the plate hole, the entry point of
themost caudal screw (screw4)wasdetermined, its trajectory
wasplanned, the corridorwasdrilledusingnavigation, and the
screw was inserted. The procedure was repeated for
the second and third plate holes (screws 2 and 3).

Postoperative Assessment of Surgical Safety
After plate fixation, postoperative CBCT scans of the spine
were acquired to evaluate the position of screws and plate
concerning surgical safety. The images were assessed by a
board-certified surgeon (F.F.) and board-certified radiologist
(D.S.) based on six surgical safety criteria. Surgical safety was
defined if no nervous structures were injured. Each criterion
was assessed as “perfect,” if there was no room for improve-
ment, “sufficient” if there was room for improvement but no
nervous structures were injured, and “insufficient” if vital
structures had been injured. If at least one of the six criteria
was graded as “insufficient”, the corridor was graded as
“poor.” If one of the six criteria was evaluated as “sufficient,”
the corridor was graded as “acceptable,” see ►Appendix

Table A1 (available in the online version).

Postoperative Assessment of Surgical Accuracy
For comparison of planned trajectories with the actual drill
corridors, 3D coordinates of the entry and exit points were
compared. Because the navigation software does not provide
3D coordinates nor allows for export of data according to
DICOM standard (digital imaging and communication in
medicine, www.dicomstandard.org), first, screenshots of
the planned trajectories in the dorsal, sagittal, and transverse
planes were exported from the navigation system and
imported into imaging software (Horos, Project Horos,
Annapolis, MD) as previously described.26,34

To compare the coordinates of the planned trajectories
with the ones of the actual drill corridors, postoperative
CT images were acquired after the removal of all implants.
Pre- and postoperative CT images were fused as previously
described34 and the 3D coordinates of all entry and exit
points of all screw corridors were extracted (►Fig. 5). The
difference between the coordinates of the entry and exit
points of the planned trajectories and from the drilled corri-
dors were calculated using the Euclidean distance formula

andexpressed as entry
and exit point deviation.

Fig. 4 The position of the plate was planned so that the dorsal margin
of the plate was ventral to the neuroforamina (1), two plate holes
were positioned on the cranial of the two vertebral bodies (2), and two
plate holes were positioned on the caudal vertebral body (3), and no
hole was overlying the intervertebral disc space (4).
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Statistical Analysis
A power analysis was not performed to estimate the appro-
priate sample size required as we were not comparing
technique accuracy between two operators or comparing
different techniques. The Shapiro–Wilk test was used to
establish the samples (entry and exit point deviations)
distribution. Examination of the distribution of the deviation
data revealed a normal distribution for the entry point
deviations but a deviation from normal distribution for the
exit point deviations. AWilcoxon signed-rank test was used
to compare the entry and exit point deviations. The level of
significance was set to p�0.05. All tests were conducted
using MedCalc®v22.019.

Results

Feasibility
The use of the original O-arm navigation tracker resulted in
bending/fracture of the spinous process and was inadequate
for miniature dogs. The use of a custom-made 3D-printed
tracker was adequately recognized by the navigation system
andthenavigationprocedurewassuccessfullyperformed inall
five dogs. In one dog, theplatewasplaced on L2–L3, and in two
dogs each, the platewas placed on vertebrae L3–L4 and L4–L5.

Accuracy
The deviations of 20 entry points and 20 exit points between
the planning and postoperative imaging were evaluated, see
►Appendix Table A2 (available in online version only). The
median entry point deviation was 1.8mm (range: 0.3–3.7)
and median exit point deviation was 1.6mm (range: 0.6–5).
No significant difference was found between the entry and
exit point deviations (p-value =0.8126; ►Appendix Table A2

and ►Appendix Fig. A1 [available in online version only]).

Safety
The position of four out of five plateswas adequate; one plate
was inadequately positioned being too dorsal and not aligned
parallel to the vertebral canal. Sixteen of 20 screws were

assessed as well positioned, 1/20 as acceptable, and 3/20 as
poor. This resulted in 85% of screws being acceptably or well-
positioned. Three screws were assessed as poorly positioned
as they penetrated the spinal canal. All poorly positioned
screws were placed in cadaver 2, with the second screw too
far dorsally positioned resulting in a plate in too dorsal
position impairing the neuroforamina.

Discussion

In this study, a commercially available neuronavigation
system in combination with a custom-made 3D-printed
tracker was successfully used to plan screw trajectories
and to subsequently insert screws for lumbar plate fixation
in miniature dog cadavers. Using this combination, most
screws were well-positioned and neuronavigation could
successfully be used for accurate and safe stabilization of
the lumbar spine using four screws and one plate by a novice
surgeon.

The safety of the procedure in cadavers of dogs is
paramount prior to its translation to client-owned dogs. In
this study, it was found that four of the five plates were well-
positioned and 85% of the 20 screws did not affect vital
structures. All three poorly positioned screws occurred in
the second cadaver following poor handling of the drill by the
novice surgeon, resulting in a too-dorsal position of one
screw and consequently an inadequately placed plate. This
plate was evaluated as surgically unsafe, since the plate was
positioned too dorsal on the vertebral bodies and therefore
compromised the spinal nerves exiting the neuroforamina.
Unlike inserting pins or single screws, one difficulty of
navigated plate fixation is that the entry point of each screw
is given by the corresponding plate hole and if one screw is
misplaced, the following ones will likely be misplaced, too.
This is also true for non-navigated surgeries and more
experience with navigated neurosurgery will show, if im-
age-guide navigation will reduce such errors compared to
nonimage-guided surgeries. The learning curve of such a
system is also well-documented in human surgery. Indeed,

Fig. 5 Transverse reconstruction of the intraoperative CT showing the lumbar vertebra with the planned trajectory (A, pink corridor).
Postsurgical CT images after removal of the screw with the drilled screw corridor visible as a hypoattenuating line through the vertebral
body (B). Fusion image of the intraoperative CT image (in grey values) and postoperative CT image (orange overlay) showing the entry point in
blue and exit point in pink of the planned trajectory (C).
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trainees using navigationmay have a better understanding of
the procedure and learn standard techniques with a shorter
learning curve, probably due to the immediate feedback of
navigation systems.25

Accuracy during spinal surgery is especially important for
smaller patients. In this context, there is no doubt that
neuronavigation can help veterinary neurosurgeons as
well. Surgical accuracy is one of the most important quality
measurements for a neuronavigation system. In the present
study, the overall deviations of the system for both entry and
exit points were below 2mm. This is similar to the manu-
facturer’s specifications, referencing the imaging system
combined with the navigation system allows for an accuracy
of �2mm. When the system was used in a clinical setting in
humans, the surgical accuracy for screw placement in unsta-
ble pelvic ring fractures resulted in an exit point deviation of
2.5�0.9mm for 18 screws.26 Comparing the entry and exit
point deviations of the current study to a previously
performed spinal navigation study, the difference between
entry point deviations was small (1.9mm of the current
study to 2.208mm of the previous study), however the exit
point deviation of the current study was smaller (1.6mm)
compared to the previous study (3.003mm). This difference
between the exit point deviations between the current study
and the study from Guevar and colleagues may be due to
wider vertebral bodies and longer trajectories or influenced
by the fact that the procedure in the latter was minimally
invasive.31 However, despite the navigation system being
identical, the techniques differed, and comparison conclu-
sions may not be valid.

Limitations of the study include the low number of dogs,
the stabilization of different lumbar vertebrae, the possible
operator error in performing the comparisons between
planned and surgery trajectories, performing stabilization
on intact spines, and integrity of the anatomical structures
were only examined by postoperative scans. First, the mini-
ature breed dog cadavers represent a unique population, and
their availability is limited. Second, it is possible that not
using identical vertebrae might affect the results. However,
these anatomical variations represent the reality in clinical
settings. Third, to compare the coordinates of plans and
results and calculate the accuracy of screw placement,
screenshots of the surgical plans needed to be exported
and manually merged with the postoperative CT images as
suggested by Takeba and colleagues.26 This method is time-
consuming and intra- and interexaminer differences might
occur. Software that enables the automated comparison of
navigation plans and postoperative images needs to be
developed. Samer and colleagues, however demonstrated
that intraclass correlation coefficients were adequate using
this method.34 Fourth, the use of intact spine is an important
first step before it is used in clinically affected patients.
Further studies would be needed to see if the system’s
accuracy and safety differ in traumatized spines. As fifth
limitation, one could argue that a dissection of the spine can
provide even more accurate evidence of the integrity of vital
anatomical structures than a postoperative CT scan alone.

Conclusion

In this cadaver study, we showed that spinal neuronavigation
using a commercially available navigation system with a
custom-made patient tracker is feasible for lumbar plate
fixation. We showed that the method can performed in a
particularly challenging setting choosing miniature breed
dogs and a novice surgeon. Despite this, the median surgical
accuracy was�2mm.We therefore assume that with proper
surgical training results would be superior to those pub-
lished here. Therefore, we judge the method as promising,
however, further specific studies are necessary to allow the
transfer of image-guided navigation for lumbar platefixation
or pedicle screw fixation into the clinic.
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