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Computer-assisted surgical navigation opens
new horizons in veterinary surgery
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Abstract

Computer-assisted surgical navigation (CASN), encompassing preoperative imaging, real-time instrument tracking,
and spatial registration, is an established standard of care in human orthopedic, spinal, oral and maxillofacial, and
neurosurgical procedures. Although CT and MRI are now widely available at veterinary referral centers, CASN has
only recently begun to gain traction in veterinary surgery. This narrative review synthesizes the current evidence on
CASN across veterinary species, surgical disciplines, and study designs, identifying consistent benefits in implant
placement accuracy, minimally invasive access to complex anatomical targets, and reduced reliance on fluoroscopy.
The predominance of cadaveric and ex vivo studies reflects the early translational stage of this technology, yet the
accuracy outcomes are favorable and broadly comparable to those reported in human surgical literature. Barriers to
wider clinical adoption include the high cost of intraoperative imaging platforms, the paucity of veterinary-specific
system configurations, limited standardized training, and a learning curve that discourages uptake among experi-
enced surgeons. Emerging developments in augmented reality, Al-assisted registration, and robotic guidance are
likely to accelerate the maturation and accessibility of CASN in veterinary practice. As these platforms evolve, CASN
holds strong potential to improve surgical reproducibility, reduce radiation exposure, and strengthen the transla-
tional bridge between veterinary and human surgical innovation.

Keywords: image-guided surgery, computed tomography, optical tracking system, frameless stereotaxy, sur-
gical navigation

dvancements in cross-sectional imaging, real-time

data integration, computational modeling, and
precision-driven surgical techniques have collectively
propelled the evolution of computer-assisted surgery
(CAS), abroad field encompassing surgical navigation,
intraoperative imaging, robotics, augmented and vir-
tual reality platforms, patient-specific planning, and
data-guided decision-making systems.! Computer-
assisted surgical navigation (CASN) is a component
of CAS that uses preoperative and/or intraoperative
imaging, real-time instrument tracking, and spatial
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registration algorithms to provide 3-D, image-guided
feedback to the surgeon during a procedure.?2 By
correlating the patient’s anatomy with digital imag-
ing datasets, CASN enables precise localization of
instruments relative to critical anatomical structures,
thereby improving accuracy, enhancing safety, reduc-
ing variability in complex surgical interventions, and
supporting minimally invasive techniques.3 It reduces
the need for revision surgeries, minimizes postop-
erative complications, and enhances the overall effi-
ciency of operating rooms.4 In human medicine, CASN
is now a fundamental component of advanced spinal
and orthopedic procedures,> oral and maxillofacial
surgery,b otolaryngology,” and neurosurgery.8
Although a strong body of evidence indicates
the benefits of CASN for various indications in
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human medicine, and despite the increasing avail-
ability of CT and MRI units in veterinary referral
centers, CASN has struggled to gain wide implemen-
tation in veterinary surgery. Although comprehen-
sive, large-scale studies focusing on indications are
still lacking, numerous reports describing the use of
CASN in veterinary surgery are emerging. By inte-
grating advanced 3-D imaging and CASN into the
operating room, veterinarians are able to perform
challenging procedures with greater precision and
accuracy through less-invasive approaches, thus
reducing complications and recovery times and ulti-
mately improving patient outcomes.

This review evaluates the currently reported
applications of CASN in veterinary medicine across
species and surgical disciplines, aiming to provide
veterinary surgeons with a comprehensive overview
of the precision, accuracy, and clinical benefits of
this technology. It further examines the limitations
and challenges of its implementation in clinical prac-
tice and explores future directions, such as the inte-
gration of augmented and mixed reality as well as
robotic assistance.

Methods—Literature Search Strategy

To identify relevant evidence, given the hetero-
geneous and emerging nature of this topic and rar-
ity of veterinary publications in this area, a narrative
rather than systematic approach was adopted, and
findings are organized by surgical discipline to reflect
the distinct translational contexts in which CASN has
been applied across veterinary species. The narrative
review format necessitated the selective inclusion
of studies based on relevance, contribution to the
field, and avoidance of redundancy. Literature was
identified using Google Scholar, PubMed, and Web
of Science with predefined search terms related to
CASN using combinations of search terms, such as
“computer-assisted surgery,” “surgical navigation,”
“veterinary medicine,” “animals,” “large animals,”
“farm animals,” “horses,” “dogs,” “small animals,”
and “cats,” without restrictions on publication date,
allowing the inclusion of both recent publications
and milestone studies. Evidence was organized by
surgical discipline to reflect translational and clinical
applications across species.

Basic Principles and Instrumentation

This review does not aim to provide a compre-
hensive overview of all the systems available but
will focus on frameless stereotactic systems, which
are currently the most commonly employed in
veterinary medicine. Stereotactic surgery encom-
passes techniques that facilitate surgical interven-
tions on targets within the body by applying a 3-D
Cartesian coordinate system for precise orienta-
tion.? As the name suggests, frameless stereotaxy
does not require a frame to be rigidly fixed to the
target structure to maintain the reference point of
the Cartesian coordinate system and to ensure accu-
rate intraoperative orientation.? The advantages of
frameless stereotactic systems, including increased
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versatility, greater surgical flexibility, enhanced user
friendliness, and reduced invasiveness, have made
them the preferred approach for stereotactic surgery
in human and veterinary medicine.
Computer-assisted surgical navigation sys-
tems enable real-time intraoperative spatial ori-
entation and feedback on the surgical procedure
based on a 3-D virtual model of the patient’s anat-
omy generated from preoperative or intraoperative
cross-sectional imaging modalities (ie, cone-beam
CT [CBCT], fan-beam CT, MRI, or a combination).10
Following image acquisition, the datasets are
reviewed for quality and completeness, and a surgi-
cal plan is generated on the navigation workstation,
typically including the definition of anatomical tar-
gets and implant trajectories in orthopedic applica-
tions (Figure 1). In a subsequent step, registration

Figure 1—Overview of a computer-assisted surgery

environment and workflow integrating intraopera-
tive imaging and optical navigation technologies. A—
Schematic representation of a computer-assisted
surgery workflow using an optical tracking system,
including (1) pre- or intraoperative image acquisition,
(2) image review and quality assessment, (3) surgical
planning, and (4) execution of the navigated procedure.
B—Intraoperative overview of a computer-assisted sur-
gical setup following preoperative imaging, showing
the equipment required for imaging, planning, and
navigation (ie, O-arm imaging unit coupled with the
StealthStation navigation system [Medtronic]). The
optical tracking camera is positioned to simultaneously
detect both the patient and gantry trackers. Two teams
are present in the operating room, one responsible for
imaging and planning and the other for performing the
navigated surgical procedure.
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is performed to align the virtual imaging data with
the patient’s anatomy using techniques such as fidu-
cial markers, surface matching, or landmark-based
approaches, thereby establishing a shared spatial
coordinate system between the patient and the navi-
gation platform; in workflows relying on immediate
pre- or intraoperative imaging with a patient tracker
anchored to bone or an external frame, registration
is commonly achieved by placing the tip of a navi-
gated pointer (registration probe) into a predefined
divot of the patient tracker. Throughout the navi-
gated surgical procedure, referencing is maintained
as a continuous process to ensure ongoing spatial
consistency between the virtual model and the sur-
gical field, with periodic verification and adjustment
when required. To achieve this, it is critical that the
navigation system is able to see the patient tracker
(fixed reference point), which remains stable along
with the spatial relationship to the patients’ anat-
omy during all procedural steps, and the instrument
trackers (Figure 2).11 A commonly used real-time
tracking method relies on the emission and detec-
tion of near-infrared light by an array of cameras and
on the reflection of this light by patient trackers and
navigated instruments equipped with markers.12 This
optical tracking method is highly versatile as a wide
variety of rigid surgical instruments can be equipped
with specific markers and calibrated.1® Furthermore,
it provides reliable performance across a wide range
of clinical environments, achieving target registra-
tion error and procedural accuracy that are typically

Figure 2—Photograph showing a procedure assisted by
surgical navigation in a veterinary setting. This narrative
review summarizes the current evidence on computer-
assisted surgical navigation applications in veterinary
surgery, with emphasis on reported applications, sur-
gical accuracy outcomes, and translational potential.
The navigation system (Imaginalis; visible on the right)
uses optical tracking technology, with infrared cameras
(top right) capturing the precise locations of special-
ized instruments and patient trackers in real time. The
surgeon uses tracked instruments to navigate within
the surgical field, guided by live imaging displayed on
the screens. The images are published with permission
of Dr llaria Grossi, the copyright holder, with all rights
reserved. Anyone wishing to reproduce the images is
directed to contact Dr. llaria Grossi (i.grossi@imagina-
lis.it) from Imaginalis, Via Rodolfo Morandi, 13-15 Sesto
Fiorentino, FI, Italy.
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within the submillimeter range.1415 One key feature
of this tracking method is the need to maintain an
unobstructed path between the cameras and the
patient or instrument tracker, commonly referred to
as the line-of-sight principle, which can be challeng-
ing in cluttered operating theaters.12

CASN Applications in

Veterinary Medicine
Computer-assisted orthopedic surgery

Technological advancements are essential in
orthopedic surgery to enable accurate implant
placement via minimally invasive, soft tissue-sparing
approaches, thereby reducing collateral tissue dam-
age, infection risk, and morbidity while facilitating
the development of patient-specific, biomechanically
optimized implants with improved fixation stability.
Early applications of CASN in veterinary medicine
focused on improving screw placement accuracy in
equine distal structures, with initial reports describ-
ing the coupling of surgical navigation systems with
isocentric C-arm fluoroscopy for procedures involving
the distal phalanx and distal sesamoid bone, both in
experimental settings6-19 and in clinical cases.20:21
Following these initial reports, and in line with trends
in human surgery, equine surgeons have now taken
advantage of modern imaging units with higher spa-
tial resolution, faster acquisition times, and larger
fields of view for surgical navigation, such as CBCT
scanners coupled with increasingly user friendly sur-
gical navigation systems with optical tracking (eg,
the StealthStation S8 by Medtronic or the DelphiVet
by Imaginalis). Meanwhile, the use of CASN to
facilitate orthopedic procedures in horses has been
described across various anatomical locations and
indications,?2 offering unmatched intraoperative
control over instrument orientation and penetra-
tion depth during critical phases of the procedures.
However, the direct application of navigation systems
and instrumentation developed for human surgery to
equine patients has inherent limitations, necessitat-
ing ongoing refinement of species-specific setups
and rigorous evaluation of their surgical precision and
accuracy. Notably, this includes the development of
purpose-built frames (PBFs) to stabilize the equine
extremity2324 during the navigated surgery, thereby
allowing patient tracker fixation outside the surgi-
cal field, or simultaneously working across articular
surfaces or on smaller target bones, for instance on
the distal sesamoid bone (Figure 3), without placing
Schanz pins for patient tracker fixation.

In procedures involving navigated drilling of
articulating bones, other (than PBFs) external stabi-
lizing elements, such as a tube cast or a calf jack,
can be integrated into the setup. Examples of pub-
lished clinical applications are CASN fracture repair
of minimally displaced accessory carpal bone frac-
tures or the placement of toggle constructs to sta-
bilize luxated coxofemoral joints following closed
reduction.?>26 QOther innovations have focused on
assessing how specific instruments influence surgi-
cal accuracy, such as a stereotactic aiming device
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Figure 3—Navigated drilling of a cystic lesion in the distal sesamoid bone using an optical tracking system (Medtronic).
A—The distal limb is stabilized in a purpose-built frame. A stereotactic aiming device is used to improve the accuracy
of the procedure. The primary surgeon aligns the device with the preplanned trajectory using a navigated pointer.
B—Close-up of a screenshot from the navigation system, showing drill bit (blue cylinder) orientation, the position of
its tip, and its virtual projection (yellow line) aligned with the preplanned trajectory (red line).

for distal sesamoid bone fracture repair.2* The prin-
cipal studies reporting the use of CASN in veterinary
orthopedic surgery, including the species evaluated,
anatomical targets, navigation platforms, study
design, and key accuracy outcomes, are summarized
in Supplementary Table S1.

Interestingly, a comparable trend in the imple-
mentation of CASN into clinical practice has not yet
been observed in small-animal orthopedic surgery.
This is reflected in the limited number of published
experimental or clinical studies in this field, with
few reports on its use to improve the precision and
accuracy of screw placement in the vertebral body in
cats with sacroiliac joint luxation?’-28 or to enhance
tibial component alignment in total knee replace-
ment in dogs.2? Nonetheless, small-animal ortho-
pedic surgeons are increasingly using computer
technologies to develop 3-D-printed models for
surgical planning and patient-specific instrumenta-
tion (PSI), such as cutting guides, drill guides, and
alignment jigs, to facilitate and improve the techni-
cal accuracy of complex corrective osteotomies,30-35
fracture reduction,3637 minimally invasive plate
osteosynthesis,38-40 coxofemoral toggle pin place-
ment,*! total knee replacement,*? and placement
of bipolar coxofemoral osteochondral allograft43
among others. This preference for 3-D printing and
PSI over navigation systems is likely influenced by
greater accessibility, lower costs, and the relatively
recent introduction of navigation technologies into
veterinary surgery.44 However, 3-D printing and PSI
require open approaches to the anatomy, whereas
CASN allows for similar accuracy and precision
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without as much tissue exposure. These factors may
represent key barriers to widespread clinical adop-
tion, highlighting the need for further research,
cost-effective system development, and training ini-
tiatives to facilitate broader integration of CASN into
small-animal practice.

Reports on the use of surgical navigation in farm
animals remain scarce in the literature. Recently,
the use of CASN was reported for ventral bulla
osteotomy in calves with otitis media.*> However,
authors of this review have performed numerous
navigated orthopedic procedures in farm animals.
These include treatment of coxofemoral joint luxa-
tion in a llama via navigated drilling of the femoral
neck and head and acetabulum for toggle pin place-
ment using a technique similar to that reported in
small equids,?® a slipped capital femoral epiphysis
in a sheep treated with 2 cortical lag screws placed
under surgical navigation guidance through a mini-
mally invasive approach, a femoral neck fracture
in a heifer treated with navigated lag screw fixa-
tion, and a combined Salter-Harris type lll fracture
of the fourth metacarpal bone and condylar frac-
ture of the third metacarpal bone in another heifer
(Figure 4) managed with navigated lag screw fixa-
tion and transfixation pin casting. Although these
cases have not been formally reported, they illus-
trate the breadth of potential indications for CASN
for farm animal surgery and underscore the need for
prospective documentation of such cases. Beyond
farm animals, exotic species may equally benefit
from CASN, where limited anatomical references and
restricted access to species-specific implants make
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Figure 4—Navigated lag screw fixation of a fourth metacarpal fracture combined with a condylar fracture of the
third metacarpal bone in a heifer. A—The distal limb is stabilized in a purpose-built frame, with the patient tracker
attached to the side of the frame, providing unrestricted access to the surgical site. B—Screenshot from the naviga-
tion system (Medtronic) demonstrating planned screw trajectory (light blue cylinder) within the condyle on trans-
verse, dorsal, and 3-D-reconstruction images. The real-time position and orientation of the drill bit are shown (dark
blue cylinder), with its virtual projection (yellow cylinder) aligned with the planned trajectory. Note the metallic
attenuation artifact caused by the cortical screw already inserted in the fourth metacarpal bone.

precise intraoperative guidance particularly valu-
able. This is illustrated by the authors’ experience
with navigation-assisted repair of a coxofemoral
luxation in a 2-week-old camel. For all those proce-
dures, the technical setup previously developed for
computer-assisted orthopedic surgery in horses was
applied given the comparable body sizes of sheep
and llamas to ponies and of heifers to larger equine
patients.

Computer-assisted spine surgery

Spinal trauma, a frequent cause of acute spi-
nal cord injury, includes vertebral fractures, luxa-
tion, subluxations, and traumatic disk extrusions.
Stabilization of the spinal column can be achieved
through dorsal fixation using plastic or metal plates,
Steinmann pins, pedicle screws and rods, or verte-
bral body plating.4¢ Pin and screw placement in small
animals is challenging due to small vertebral bodies,
breed-specific anatomical variations, and congeni-
tal or acquired instability, which require specialized
surgical expertise. While general guidelines exist for
insertion angles and landmarks in the thoracolumbar
vertebrae,4” these should be adjusted during surgery
to account for challenges posed by soft tissue inter-
ference and to gain adequate bone purchase while
avoiding inadvertent breach into the vertebral canal.

Surgical navigation with optical tracking has
been tested for spine procedures in small animals in
experimental cadaver studies,427 but its use in clini-
cal cases has not yet been reported. Implementing
a navigation system designed for human surgery
presents challenges, such as reduced accuracy due
to alterations in patient posture during surgery?é or,
as experienced by the authors of this review, due to
unstable patient tracker fixation. To address this, the
use of a lighter, 3-D-printed, custom-made patient
tracker has been reported in cadaveric studies2849 to
reduce excessive lever-arm forces on the feline and
canine lumbosacral spine, thereby minimizing the
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risk of dislodgment and the consequent loss of surgi-
cal system accuracy (Figure 5). Further, a cadaveric
study®® evaluating CASN for thoracolumbar spinal
instrumentation in large-breed dogs demonstrated
100% cortical safety during percutaneous polyaxial
screw and rod placement as graded by a vertebral
cortical breach scheme. Emerging results with CASN
show it to be a valuable tool for enhancing precision,
accuracy, and safety during vertebral implant place-
ment in small spaces.

Potential applications of CASN using frameless
stereotactic surgical navigation systems, coupled
with a CBCT unit, have been described for the equine
cervical spine.?251-54 These include navigated drilling
of a fractured cervical articular process for internal
fixation in a warmblood gelding®! and navigated
drilling of the cervical vertebral bodies in an experi-
mental setting to facilitate ventral interbody fusionin
horses with cervical vertebral compressive myelopa-
thy (wobbler syndrome).52 Specific challenges in this
region include achieving stable fixation and position-
ing of the substantial equine neck as well as appro-
priate placement of the patient tracker, typically on
the transverse process or ventral crest of the ver-
tebrae. When a ventral approach is used, the latter
challenge can be addressed by applying rigid exter-
nal stabilization, analogously to the above described
PBF, cast, or calf-jack setup described above for
computer-assisted orthopedic surgery applications.
For the equine cervical spine, a dedicated cervi-
cal frame has been developed in which the patient
tracker is mounted on the side panels, providing
simultaneous surgical access, CT gantry clearance,
and ergonomic positioning for the surgeons and
for pre- and intraoperative imaging.>? Alternatively,
when a lateral approach is used, the tracker can be
rigidly fixed to the dorsal spinous process of C2.5°

In other large-animal models, the efficacy of a
stereotactic CASN system has been evaluated for dis-
cectomy in porcine and caprine spines, widely used
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Figure 5—Close-up of screenshots from a navigation system (Medtronic) illustrating 2 computer-assisted spinal
drilling procedures in small animals. A—Navigated drilling in a thoracic pedicle of a dog for the placement of a
polyaxial screw for spinal stabilization. A clamp (metallic attenuation visible in the top left of the cone-beam CT
reconstruction) was used to attach the tracker to a spinal process.>® B—Navigated drilling across the sacroiliac joint
of a cat for the placement of a screw to stabilize a luxation. A 3-D-printed patient tracker is anchored to the sacral
spinous process using a single 1.4-mm pin, visible both on the 3-D reconstruction and as a metallic attenuation in
the sagittal view.?”

models for spine research.%6:57 Similarly, our group
has employed CASN in preclinical settings for spi-
nal stabilization and scoliosis growing rods in sheep,
another widely used model for spine research.® The
principal studies evaluating CASN for spinal instru-
mentation and stabilization across veterinary spe-
cies are summarized in Supplementary Table S2.

Computer-assisted oral and
maxillofacial surgery

Surgical orientation in the equine head presents
significant challenges due to the complex anatomy
of the nasal conchae and paranasal sinuses, the
deeply embedded and long reserve crowns of the
cheek teeth, the confined space, the proximity of
critical vascular and neural structures, and the limita-
tions of conventional intraoperative imaging caused
by multiple anatomical superimpositions.>® Similar
challenges are encountered in small-animal surgery,
where the diverse, often severe bony pathologies
resulting from external trauma to delicate anatomical
structures further complicate surgical planning and
intervention.®® Thus, accurate surgical orientation is
critical for many interventions involving the head.

In equine surgery, CASN enables accurate and
controlled interventions involving dental and con-
chosinusoidal structures. In clinical scenarios where
conventional 2-D imaging or endoscopy is inad-
equate or fails, CASN allows for precise surgical
access to targets that are otherwise inaccessible or
obscured. For example, CASN enabled precise ana-
tomical intraoperative orientation, ensuring accu-
rate execution of a mandibular condylectomy and
the removal of an ectopic tooth situated axially to
the mandibular fossa, close to the base of the cal-
varium.®® The use of CASN significantly facilitated
the surgery, minimizing the risk of collateral dam-
age to surrounding structures. Furthermore, CASN
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has proven helpful in accurately aligning a navigated
dental punch with the long axis of the tooth, thereby
facilitating cheek tooth repulsion and minimizing the
risk of collateral damage.®?

Computer-assisted surgical navigation has also
facilitated intraoperative orientation during chal-
lenging dental extractions, drainage of empyema
of the dorsal and ventral conchal bullae, mandibu-
lar fracture stabilization using locking compres-
sion plates as type 1 external fixators in horses,
and revision surgery in a bovine patient following
failed type 2 external fixator fixation. By improv-
ing intraoperative orientation, surgical navigation
can enhance construct stability through optimized
bone purchase, engaging a greater number of corti-
ces while minimizing the risk of iatrogenic injury to
dental roots. Although these cases have not been
formally reported, they illustrate the breadth of
potential indications for CASN in equine and bovine
head surgery.

Computer-assisted surgical navigation enhances
precision in oral and maxillofacial procedures in both
small- and large-animal surgery, enabling accurate
bone resections, implant placement, and complex
reconstructions.62-64 |ts application in preclinical
models provides a controlled and reproducible plat-
form for evaluating surgical techniques, devices,
and therapeutic interventions, thereby supporting
the safe and effective translation of novel oral and
maxillofacial procedures to human patients.6 The
principal studies describing the application of CASN
in veterinary oral and maxillofacial surgery are sum-
marized in Supplementary Table S3.

CAS for neuronavigation

The complex anatomy of the CNS, coupled
with its dynamic pulsatile motion from blood flow
and CSF circulation, presents major challenges for
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precise surgical localization. Consequently, neuro-
surgical procedures require exceptional precision to
ensure both safety and efficacy.#® These challenges
have long justified the importance of frame-based
stereotaxy and image-guided navigation in human
neurosurgery and explain the growing adoption of
similar technologies in veterinary medicine.14.65-67

The use of CT-guided, frame-based stereotaxy
for brain biopsies in small animals has been well
documented since the early 2000s.68-72 As in human
neurosurgery, a gradual transition occurred toward
frameless neuronavigation systems, facilitated by
advances in MRI technology and its growing avail-
ability as the gold standard for brain lesion diag-
nosis. Nevertheless, MRI has also been successfully
employed for frame-based stereotactic procedures
in small animals.”3.74

Navigation technology has since been validated
for brain biopsies in dogs and cats, demonstrating

high diagnostic yield and spatial accuracy.”>77 For
instance, using MRI images, the Brainsight ste-
reotactic system (Rogue Research Inc) demon-
strated ease of use and high precision in cadaver
studies’® (Figure 6), making it suitable for clinical
use in dogs with brain lesions larger than 3.3 mm.
Clinical applicability was further confirmed in a
series of 10 dogs with forebrain lesions, in which
neuronavigation-guided biopsies yielded successful
diagnostic outcomes.467 More recently, the tech-
nology has been extended beyond biopsy to ven-
triculoperitoneal shunt placement in dogs, further
broadening the neurosurgical applications of neuro-
navigation in small-animal practice.”®

Additionally, validation of CBCT-based auto-
mated image registration for frameless stereotactic
biopsies in dogs and cats showed that diagnostic
accuracy is independent of skull morphology and
comparable to both frame-based and frameless

Figure 6—Optical navigation system and experimental setup for image-guided cranial instrumentation. A—Mobile
optical neuronavigation workstation (Rogue Research Inc) displaying multiplanar CT reconstructions and 3-D mod-
els used for preoperative planning and intraoperative guidance. B—Experimental setup showing a skull specimen
rigidly secured in a fixation frame. A reference patient tracker is attached to the specimen, and a tracked pointer is
mounted on an adjustable mechanical arm to allow precise targeting and validation of planned trajectories under
navigation guidance. The images are published with permission of Dr. Stephen Frey, the copyright holder, with all
rights reserved. Anyone wishing to reproduce the images is directed to contact Dr. Stephen Frey (steve@rogue-
research.com) from Rogue Research Inc, 300-6666 St-Urbain, Montreal, QC, Canada.
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systems previously described in veterinary medi-
cine.89 The use of CAS has also been extended to
large-animal models: optical neuronavigation-guided
intracranial biopsy procedures were found feasible
in horses,® and MRI-guided stereotactic techniques
have been validated in sheep.8!

To date, stereotactic brain biopsy remains the
primary and most established indication for CASN
in small-animal veterinary medicine. However, the
clinical scope of CASN has progressively expanded
beyond diagnostic purposes. For instance, frame-
less navigation systems have been employed for the
implantation of electrodes for deep brain stimulation
in dogs with refractory epilepsy, demonstrating high
spatial precision and favorable clinical outcomes.82
More recently, neuronavigation has also facilitated
the placement of intracranial electrodes for elec-
troencephalographic recording in experimental and
clinical canine models, enabling improved localiza-
tion of epileptogenic foci.83 Similarly, CASN-guided
targeting has supported the application of repeti-
tive transcranial magnetic stimulation in behavior-
ally disordered dogs, enhancing the reproducibility
and safety of coil positioning.84 Beyond neurology,
CASN has been integrated into radiation oncology to
refine patient positioning and improve the geometric
accuracy of treatment delivery®® as well as into sur-
gical oncology to improve the precision of forebrain
mass resections,8> and in general neurosurgical pro-
cedures CASN has supported accurate craniotomies
and improved surgical planning.14.67

It is worth noting that all of the above-cited stud-
ies describe dorsal or dorsolateral approaches to the
cranial cavity via the calvaria. Surgical approaches to
the skull base present additional inherent challenges,
primarily due to the narrow, deep surgical field sur-
rounded by critical anatomical structures. In small
animals, transsphenoidal hypophysectomy is well
established for addressing pituitary, sellar, or para-
sellar masses that continue to cause clinical signs
despite medical and radiation treatment.8 The use of
neuronavigation has been proposed to improve the
accuracy of pituitary fossa localization and provide
a safe ventral window for transsphenoidal hypophy-
sectomy.®” In horses, MRI- and CBCT-based naviga-
tion permits controlled access to the lateroventral
aspect of the skull via a transmandibular approach.
This approach enables transsphenoidal surgical
manipulation of pituitary macroadenoma® and
puncture of the trigeminal cave through the foramen
lacerum,®? potentially allowing for the development
of a controlled rhizotomy procedure for horses suf-
fering from trigeminal-mediated headshaking.

Collectively, these advances highlight the
growing versatility of CASN in veterinary neurosur-
gery. The technology not only enhances diagnostic
and therapeutic accuracy but also provides a robust
preclinical platform for translational research. As
CASN continues to evolve, its integration across
neurological procedures will play a pivotal role in
bridging experimental and clinical neurosurgery,
ultimately improving outcomes for both animal and
human patients.
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Challenges and limitations of CASN in
veterinary medicine

Despite the growing body of evidence support-
ing the potential advantages of CASN in veterinary
medicine, including enhanced accuracy, precision,
and safety, several challenges continue to limit its
widespread adoption. Among the most significant
barriers are the high costs associated with acquiring
and maintaining the equipment. The most expensive
component of a CASN setup is typically the imag-
ing unit rather than the navigation platform itself.
Fortunately, many advanced veterinary referral
centers have already invested heavily in diagnostic
imaging capabilities, which can partially mitigate
this financial burden. However, integrating CASN
requires dedicated space, appropriate infrastruc-
ture, and technical support, which can be difficult
for smaller facilities to provide. The use of mobile
intraoperative imaging systems represents a prom-
ising solution as these units can be integrated into
most surgical suites without extensive renovations or
architectural modifications.%0

Beyond financial and infrastructural consider-
ations, the successful implementation of surgical
navigation is heavily dependent on the availability
of adequately trained personnel. Effective use of
this technology requires a multidisciplinary team
with expertise spanning surgical planning, image
acquisition and processing, system registration,
and intraoperative troubleshooting. The learning
curve associated with surgical navigation is well
recognized in human medicine, where studies9
have shown that procedural efficiency and accuracy
improve significantly with experience. This applies
equally in veterinary settings, where exposure to
navigation systems remains limited and standard-
ized training programs are largely absent. Unlike
conventional surgical skills, navigation competency
demands familiarity with both the software interface
and the underlying imaging principles, representing
a distinct and nontrivial skill set. The development of
structured training curricula will therefore be essen-
tial to broaden the pool of veterinary professionals
capable of applying this technology effectively and
consistently in clinical practice.

An additional limitation stems from the fact that
most commercial navigation systems were designed
and calibrated for human anatomy. Tracking algo-
rithms, reference arrays, and registration protocols
are optimized for human skeletal geometry, tissue
density, and instrument dimensions, which can cre-
ate significant technical challenges when applied to
species with markedly different anatomical propor-
tions and biomechanics. Adapting these systems to
veterinary patients, particularly those with small, del-
icate, or morphologically variable structures, often
requires substantial customization, and acceptable
accuracy is not always readily achievable.?2 This mis-
match between system design and species-specific
requirements not only limits the breadth of navigable
procedures in veterinary surgery but also represents
a fundamental barrier to broader dissemination of
the technology across species and clinical settings.
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The few CASN-related publications in veterinary
medicine also highlight important sociological and
technical barriers. Most reports originate from a
small number of specialized referral or academic
centers that possess both the infrastructure and
motivation to explore these technologies. Beyond
institutional limitations, the adoption of CASN is fur-
ther constrained by surgeon-related factors, includ-
ing a reluctance to invest time and effort in acquiring
new technical skills associated with unfamiliar tech-
nology. The learning curve inherent to CAS systems,
encompassing software interfaces, registration pro-
tocols, and intraoperative workflow adjustments,
represents a significant psychological and practi-
cal deterrent, particularly for experienced clinicians
who have developed confidence and efficiency with
conventional techniques. Compounding this is the
perceived burden of preoperative setup time, which,
despite being offset by potential gains in intraopera-
tive precision, is often viewed as disruptive to clinical
throughput and scheduling.

Notably, there is a surprisingly low number of
CASN reports in small-animal surgery and in farm
animals. This may be explained by the high cost of
systems relative to case volume and the limited per-
ceived advantage for small bones that can be easily
visualized with conventional radiography. In contrast,
equine surgery has seen greater adoption, particu-
larly in orthopedics, where CASN facilitates access to
deeply embedded or distorted anatomical structures
that are otherwise difficult to reach or image with
conventional diagnostic modalities. In farm animals,
the limited use of CASN may primarily be financial
rather than clinical as the technology could provide
substantial value for individuals of high genetic or
economic worth.

A final consideration concerns the relative popu-
larity of complementary technologies, such as 3-D-
printed PSIs. In small-animal oral, maxillofacial, and
spine surgery, 3-D-printed PSIs have gained wide
acceptance due to their lower cost, ease of use, and
lack of need for complex intraoperative imaging equip-
ment.?3%4 However, PSI-guided surgery also has draw-
backs, including the need for preoperative 3-D imaging
to produce the guides, which leads to additional costs
and anesthetic risks and a delay before surgical repair is
performed. Furthermore, to apply 3-D-printed guides
accurately and safely, larger surgical approaches are
needed to adequately expose and clean bone surfaces
for proper fit.?> Thus, while PSl-based guidance offers
an attractive alternative, real-time navigation remains
uniquely valuable for minimally invasive procedures,
complex anatomies, and deeply embedded targets.
Together, these complementary modalities under-
score that the true promise of CASN in veterinary sur-
gery may lie not in replacing conventional methods
but in augmenting them where precision and spatial
awareness are most critical.

Future developments of CAS in

veterinary medicine
The future of CASN in veterinary medicine,
much like in human surgery, is likely to be driven by

AJVR

augmented reality (AR), Al, and robotic assistance.
Augmented reality offers the possibility to overlay
virtual anatomical models, planning data, or naviga-
tion cues directly onto the surgeon’s field of view.%
In small-animal research, AR has already been
applied to craniofacial and surgical planning tasks.
For instance, AR-based models of canine skulls
have been used to visualize complex geometries
and plan osteotomies.%” More broadly, AR-assisted,
robot-guided mandibular osteotomies in canine
models have been demonstrated.?® As AR headsets
and display systems become lighter, more accurate,
and better integrated with surgical navigation, they
may transition from experimental tools to routine
adjuncts in veterinary surgery.

Artificial intelligence and robotics may fur-
ther catalyze the maturation of veterinary CASN.
Artificial intelligence algorithms hold promise for
automating laborious steps, such as segmentation,
registration, and trajectory planning, reducing setup
time and user variability. In human and engineer-
ing systems, markerless AR registration frameworks
have been developed to avoid reliance on fiducials.%®
In veterinary contexts, robotics is already being
explored: veterinarians are training on systems such
as the da Vinci robot (Intuitive Surgical Inc) to per-
form minimally invasive procedures in animals.2%0 As
Al-driven decision support and robotic instrument
control mature, CASN may evolve into semiautono-
mous platforms capable of executing precise surgi-
cal steps under supervision.

Another key frontier lies in hardware adaptation
for veterinary imaging constraints. Many naviga-
tion systems were designed for human-scale imag-
ing geometry; interfacing CASN with large-bore,
fan-beam CT scanners (or veterinary-specific scan-
ner configurations) would expand access for equine
and large-animal surgeons. Similarly, development
of navigation systems engineered from the ground
up for veterinary anatomy, such as those with cus-
tomizable trackers, software tailored for multiple
species, or modular configurations, may accelerate
adoption across institutions.

As CASN becomes more cost-effective and
refined methodology improves precision, we expect
it to further transform veterinary surgery by enabling
highly accurate implant positioning and reducing
dependency on conventional intraoperative imaging,
thereby decreasing radiation exposure. Over time,
CASN may support broader use of minimally invasive
techniques, combined AR/Al guidance, and novel
surgical workflows across species. Ultimately, the
convergence of these technologies will help trans-
late experimental innovations into routine veterinary
surgical care, elevating both safety and outcomes for
animal patients.

As technological advancements continue, reduc-
tions in cost are anticipated as surgical navigation
systems become more efficient, widely accepted,
and accessible in veterinary medicine. Innovations
such as robotic assistance and AR are expected to
become more affordable as competition and devel-
opment of cost-effective solutions increase. These
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technologies will further enhance CASN by reducing
intraoperative disruptions, streamlining system reg-
istration, and improving procedural precision.

Looking forward, efforts should focus onincreas-
ing CASN accessibility by lowering costs,expanding
training and educational opportunities for veterinary
surgeons, and refining hardware and software to
better accommodate diverse species and anatomical
challenges. Integration with robotics; 3-D-printed,
patient-specific instruments; and Al-supported
planning holds promise for improving reproducibil-
ity and efficiency.

Overall, as CASN technologies continue to
mature, their adoption in veterinary medicine is
poised to expand, supporting minimally invasive pro-
cedures, reducing radiation exposure for veterinary
staff and personnel, and enabling translational
research that bridges veterinary and human surgical
innovations. By combining precision, reproducibility,
and safety, CASN is set to redefine the standard of
care across multiple veterinary surgical disciplines.
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Supplementary Table S1. Summary of computer-assisted orthopedic surgery studies in
veterinary medicine. This narrative review summarizes the current evidence on computer-assisted
surgical navigation across veterinary species and surgical disciplines, highlighting reported

applications, accuracy outcomes, and translational potential.

. Anatomical Navigation Study Key Accuracy / Qutcome
Species . . Reference
Region Technology Type Metric
fluoroscony + ontical Improved angular accuracy of
Horse Distal phalanx Py ™ Op Cadaveric lag screw placement vs. 1.2
tracking : .
conventional technique
Distal fluoroscopy + optical . Accurate screw insertion;
Horse . Py ™ P Cadaveric L 8=
sesamoid bone tracking submillimeter angular error
fluoroscony + optical Successful fracture fixation;
Horse Distal phalanx OSCOpY T Op Clinical comparable to conventional 7
tracking )
technique
Various . Feasibility across multiple
. CBCT + optical . .ty . o 8
Horse orthopedic trackin Clinical anatomical sites; reliable
indications & intraoperative guidance
Distal CBCT + optical . PBEF significantly improved
Horse . . P Cadaveric Siittoantly 1mprov ?
extremities tracking + PBF navigation accuracy
. CBCT + optical Aiming device significantly
Distal . . . o 10
Horse . tracking + Vertek Cadaveric improved angular drilling
sesamoid bone . .
aiming device + PBF accuracy
CBCT + optical Minimally invasive screw
Accessory . . . 1
Horse tracking + tube cast Clinical placement, accurate implant
carpal bone S o
stabilization positioning confirmed
CBCT + optical Toggle construct placement;
Coxofemoral . L . e S . -
Horse oint tracking + calf jack ~ Cadaveric = accurate minimally invasive
] stabilization approach
Tibia —Knee 'Im?ge-free ' ' Significantly irr?proved tibial .,
Dog navigation + optical | Cadaveric component alignment vs.
replacement . .
tracking conventional freehand
. Accurate minimally invasive
e CBCT + optical . s ”
Cat Sacroiliac joint ol Cadaveric = screw placement, feasibility

confirmed



Species Anatomical Navigation Study Key Accuracy / Outcome Reference
P Region Technology Type Metric

Successful ventral bulla

Bovine = Tympanic bulla = CT + optical tracking = Clinical osteotomy for otitis media;

feasibility confirmed

CASN: Computer-assisted surgical navigation; CBCT: Cone-beam computed tomography; CT: Computed
tomography; PBF: Purpose-built frame.
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Supplementary Table S2. Summary of computer-assisted spine surgery studies in veterinary

medicine

Species Anatomical Navigation Study Key Accuracy / Outcome Reference
P Region Technology Type Metric
+ onti . . .
Dog Thoracglumbar CBCT 9pt1cal Cadaveric Polyaxial pedlcle./ locking 12
spine tracking head screws - cortical safety
+ onti o
Cat Thoracglumbar CBCT pptlcal Cadaveric Feasibility and accuracy of 2
spine tracking screw placement confirmed
CBCT + optical VenFrgl interbody app'rogch
. . . . . Drilling accuracy within 3
Horse = Cervical Spine tracking + cervical Cadaveric ..
acceptable clinical range for
frame
ventral approach
+ onti . .
Sis || Caied gt CBCT .optlcal Clinical Successful nav1gated internal A
tracking fixation
. Feasibility of C2 tracker
. . + . . .
Horse = Cervical spine CBCT o ptical Cadaveric fixation for lateral cervical 5
tracking

navigation confirmed

. Accurate percutaneous laser
. . Stereotactic CASN + . . P . .
Pig Lumbar Spine . Cadaveric discectomy feasible; spine
laser guidance ;
research model validated

Accurate screw and rod

Thoracolumbar CBCT + optical Preclinical . 7
Sheep . . . placement for growing rod
spine tracking in vivo . .
constructs in ovine model
Goat Lumbar spine Simplified optical Cadaveric Submillimeter accuracy 2

navigation system

CASN: Computer-assisted surgical navigation; CBCT: Cone-beam computed tomography.
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Supplementary Table S3. Summary of computer-assisted surgery in oral and maxillofacial

studies in veterinary medicine

Species Anatomical Navigation Study Key Accuracy / Outcome Reference
P Region Technology Type Metric
Mandibular CBCT + optical - Successfgl condylectomy and |
Horse . Clinical ectopic tooth removal;
fossa tracking .
collateral damage avoided
. Accurate dental punch
+
Horse Cheek teeth CBCT N ptical Clinical alignment with tooth long z
tracking )
axis
. ful 11
Skull base / CBCT optical . Succ.e sstul contro ed access N
Horse . . Clinical to pituitary macroadenoma
pituitary navigation . .
via novel navigated approach
Accurate puncture of
Horse Trigeminal CBCT.+ optical Cadaveric trigeminal cave; f.easibility for q
cistern navigation controlled rhizotomy
confirmed
Custom guide improved
Dog Maxilla PSI Cadaveric resection accuracy vs. 5
freehand approach
Dog Mandible PSI Clinical Successful manfl ibular g
reconstruction
CBCT: Cone-beam computed tomography, PSI: Patient Specific Instrumentation.
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