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Abstract

The computed tomography-assisted 3D navigation system is a useful tool for spinal surgeons, enabling them to enhance the effective-
ness and safety of surgical procedures by providing real-time three-dimensional information during decompression, resection, and
instrumentation. Specific advantages of this navigation system include precise pedicle screw placement, the capability for immediate
intraoperative correction, and execution of minimally invasive surgeries with reduced radiation exposure for the surgical team. Note-
worthy disadvantages of this system are the relatively high implementation costs, the need for specific training, and limited accessibility
to outpatient surgery centers. Currently, spinal navigation systems are constantly being upgraded with additional innovations, such as
integration with robotics and improvement of the existing tools, which will ultimately lead to a better quality of life for patients and an
improved experience for surgeons.
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Introduction team to radiation while inflicting additional tissue trauma

and blood loss.?) In cases of postoperative neurovascular

In recent decades, spinal fusion of two or more segments in
various spinal diseases, such as degenerative diseases, scoli-
osis, trauma, tumors, and infections, is often performed by
a wide range of instrumentation systems. Misplacement of
pedicle screws can lead to neurological, vascular, or visceral
injuries, hardware malfunction, and an increase in medical
costs.!? The identification of screws that have been placed
incorrectly necessitates their repositioning, a process that
invariably prolongs the surgical procedure, which, in its
turn, increases the exposure of the patient and the surgical

complications, revision surgery is often mandatory, thereby
increasing medical costs and morbidity. Current literature
reports screw misplacement rates ranging from 5% to 41%
for the lumbar and 3% to 55% for the thoracic spine, high-
lighting the need to improve the accuracy of pedicle screw
placement.[*! In an effort to mitigate these risks and com-
plications, surgeons frequently employ navigation systems
to ensure safe and effective surgical procedures.!
Currently, techniques for placing pedicle screws in-
clude the “free-hand’, fluoroscopy-assisted, computer to-
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mography-assisted 3D navigation (CT3DN), and robotic
navigation techniques.!!! In the “free-hand” and fluoros-
copy-assisted techniques, surgeons use specific anatomical
landmarks to determine the entry point for screw place-
ment and trajectory guidance. This carries the risk of im-
proper screw placement, especially in the high and mid
thoracic spine, severe spinal deformities, or in the scenario
of significant pedicle anatomy variations. This fact justified
the need for the development of CT-based navigation sys-
tems, resulting in faster and more precise procedures.””) In
order to evaluate the qualities and advantages of a specif-
ic navigation system, it is necessary to compare intraop-
erative and postoperative clinical outcomes, the accuracy
of pedicle screw placement, and potential complications
between navigated and conventional techniques.

Efficacy and safety of pedicle screw
placement with spinal navigation

A number of studies report improved accuracy and safe-
ty of pedicle screw placement when using intraoperative
CT3DN compared to fluoroscopy-assisted techniques.(*®!
Other studies found no significant differences in accuracy
between these two approaches.*10!

Amiot et al. reported 15.3% error rate for 544 screws
placed in the T5-to-S1 segment using the free-hand tech-
nique, compared to only 5.4% for 295 screws placed when
using CT3DN.!'!l When evaluating 2062 thoracic and lum-
bar pedicle screws using intraoperative CT-assisted naviga-
tion, Yu et al. found that only 4.6% of screws breached the
pedicles by more than 2 mm, compared to a 16% rate of mis-
placement using the free-hand technique.!'?) Of 1288 placed
pedicle screws (665 with C-arm and 643 with O-arm), Cam-
marata et al. reported correct placement in 92.8% in the
C-arm group and 98.1% in the CT3DN group.["¥) Medial
breach of the pedicle cortex was found in 13 screws (Grade
B, 1.95%), 19 screws (Grade C, 2.86%), 14 screws (Grade
D, 2.11%), and two screws (Grade E, 0.3%) in the C-arm
group, whereas in the CT3DN group, 11 screws were Grade
B (1.71%) and only one was Grade C (0.16%) according to
the Gertzbein and Robbins classification.[!314]

Heath et al. performed minimally invasive pedicle screw
fixation in 100 patients with 514 screws, using CT3DN for 52
patients and robotic-assisted navigation for the remaining
48. Perfect accuracy (Grade A) was achieved in 98% of the
robotic-assisted navigation group and 80% in the CT3DN
group. Clinically satisfactory accuracy (Grade A and B) was
achieved in 100% of the robotic group and 92.2% of the
CT3DN group, with no revision surgeries needed in either
group for misplacement.'¥ Incorrectly positioned screws
(Grade C and D) were not found in the robotic-assisted
group, while they occurred in 7.8% of the CT3DN group.!'4!

A meta-analysis of 30 studies by Papalia et al., involv-
ing 17,911 patients and 24,600 pedicle screws, found sta-
tistically significant accuracy improvements with naviga-
tion systems compared to traditional techniques (96.2%
vs. 94.2%).1 Similar results were found in previous me-

ta-analyses and publications.>!]

Perdomo-Pantoja et al’s systematic review and me-
ta-analysis of 51,161 pedicle screws reported 95.5% correct
screw placement with CT3DN, compared to 93.1% with
fluoroscopy-assisted navigation and 91.5% with the free-
hand technique, respectively.!®!

A key advantage of intraoperative CT3DN navigation
is its ability to correctly determine the screw-to-pedicle
diameter ratio in real time, allowing for the placement of
an optimally sized screw, thus increasing the stability and
strength of the construct.!'”]

Influence of the usage of CT3DN on
clinical symptoms

Improving patient outcomes and reducing complication
rates are crucial factors in spinal surgery, especially when
evaluating the costs and learning curves of new systems and
workflows.['8]’ Studies by Chen et al. and Singhatanadgige
et al. using the visual analog scale (VAS) showed superior
improvement in leg and back pain with the use of CT3D
navigation compared to fluoroscopy-assisted techniques,
although without statistical significance.!!>:2%]

Comparison of intraoperative and
postoperative revision rate of pedicle
screws

According to studies by Wang et al. and Chatelain et al.,
the rate of intraoperative revisions of pedicle screws is sim-
ilar between CT3DN and conventional techniques, while
the rate of postoperative revisions is significantly lower in
CT3DN surgeries due to the opportunity for simultaneous
intraoperative screw placement correction.[>21]

Comparison of intraoperative radiation
exposure

All navigation systems are associated with radiation ex-
posure of the patient and the surgical team. While patient
exposure occurs only during the specific surgical interven-
tion, frequent exposure to such radiation for the surgical
team can lead to significant accumulated doses over time.
The widespread use of modern navigation systems in spinal
surgery is undeniably potentiated by the risk for significant
radiation exposure while using conventional techniques.
In 2008, a study by Smith et al. showed that CT3DN
reduces the average radiation dose compared to conven-
tional fluoroscopy from 433+266 mGy to 3382 mGy.??
Theocharopoulos et al. demonstrated that the radiation
exposure of spinal surgeons is 50 times greater than the
lifetime radiation dose of hip surgeons, highlighting the
need to limit radiation exposure.?3) Many studies report
a reduction in radiation exposure when using CT3DN
compared to fluoroscopy-assisted procedures.?*2>! Geb-
hard et al. noted that the average absorbed dose when us-
ing C-arm navigation is 1,091 mGy, compared to 664 mGy
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with virtual fluoroscopy, 432 mGy with CT-based fluoro-
scopic navigation, and 152 mGy with CT3DN.* Radia-
tion exposure for the surgeon in minimally invasive spinal
interventions exceeds the permitted dose of professional
exposure after 194 interventions.2°!

All studies support the view that new technology for in-
traoperative imaging is necessary to make spinal surgery
safer. Reducing the radiation exposure is one of the key
advantages of CT3DN. According to Kim et al.?”), the flu-
oroscopy time is reduced by 90 seconds, and additionally,
it can protect the surgeon from radiation exposure as it al-
lows them to leave the operating room during intraopera-
tive scanning. Nottmeier et al.?!) showed in their study that
the exposure of the surgical team was minimal if they were
at least 10 steps away from the device.

Besides reducing radiation exposure of the surgical
team, navigation can also reduce the exposure of the pa-
tient.[?*! In a series of 40 patients who underwent posteri-
or instrumentation, Kraus et al. found an average effective
dose of 0.4 mGy in the group with intraoperative comput-
er-assisted navigation, compared to 5.03 mGy in the fluo-
roscopy group.!?®)

Comparison of operative times

A significant number of recent studies demonstrate that
the operative time is shorter when using conventional tech-
niques, although the differences are not statistically signifi-
cant.!'>2%-31] Papalia et al. explain this result by the additional
time required to obtain CT images, calibrate intraoperative
navigation instruments, or the learning curve of surgeons.!!!
A meta-analysis by Meng et al.l*?! showed that the operative
time with CT3DN was significantly longer, while the time
for placing pedicle screws in the thoracic region was shorter
compared to fluoroscopy-assisted navigation.

Comparison of blood loss and hospital
stay

It has been established that blood loss and hospital stay are
significantly lower when using CT3DN compared to con-
ventional techniques.20:21:2%33-35] These results are largely
attributed to the increasing use of minimally invasive spi-
nal surgery (MISS), performed with the help of navigation
systems that allow access to the pedicles of the vertebrae
with less soft tissue damage, less blood loss, and therefore
shorter hospital stays.[3¢37)

The role of spinal navigation in minimally
invasive spine surgery

Minimally invasive spine surgeries use a percutaneous ap-
proach, and in these cases, tactile and visual orientation
are not possible.?8 This significantly increases the need
for CT3DN to visualize the bone anatomy of the pedicles
and vertebral bodies for correct pedicle screw placement.
A MISS does not allow the use of point-pair registration

CT-assisted 3-dimensional navigation in spine surgery

required for preoperative CT-based stereotaxy, as the bone
landmarks necessary for registration are not exposed in the
surgical field. For these reasons, the latest image-guided
surgical systems, such as intraoperative CT3DN, are used
worldwide. These systems improved registration accuracy,
enabling reliable real-time feedback regarding the relative
positions of the instruments within the 3D map provided
by intraoperative imaging.!*! Such accuracy and reliabili-
ty of computer-provided anatomy are of great importance
in cases of limited exposure, such as in MISS. Bourgeois
et al. found that from 2,132 percutaneous pedicle screws
implanted by means of CT3DN, the rate of misplacement
was only 0.33%. 40

Virk and Qureshi highlight the advantages of navigation
in MISS, especially in complex spinal anatomy, such as in
the C1-C2 area.[*!! The ability of navigation to provide ac-
curate real-time feedback depends on reference markers,
which may vary among different systems. These markers are
usually attached to anatomical structures within the surgi-
cal field. It is essential to prevent any movement of the at-
tached trackers after the scanning is completed to maintain
the reliability of the navigation accuracy. However, this can
be challenging due to limited exposure and relatively bulky
reference markers.[2] A skin-based marker system, used
for minimally invasive transforaminal lumbar interbody
fusion, was proposed by Vaishnav et al. as a way to prevent
overcrowding of the surgical field.!*?! This less bulky regis-
tration system can successfully be used in procedures in-
volving smaller skin incisions. Another study showed both
significantly shorter operative time (on average 92 minutes
vs. 108 minutes) and less blood loss (on average 25 mL vs.
50 mL), as well as a 29% reduction in the average radiation
dose for the patient compared to the fluoroscopy group.**!

Comparison of complications

A systematic review and meta-analysis by Papalia et al.
found significantly fewer systemic and neurological com-
plications in patients operated on with CT3DN compared
to those using conventional techniques (118 vs. 825 and 20
vs. 35, respectively).[!

Cost-effectiveness of spinal navigation
systems

Healthcare in most countries is oriented toward the most
cost-effective systems, therefore until recently, the costs of
modern navigation systems were considered unfeasible.
Gradually, studies demonstrated a significantly reduced
number of revision surgeries when using CT3DN, which
led to acceptance of its use.>"!

The analysis by Al-Khouja et al. showed that the costs
of CT-based navigation range from $8,820.51 to $9,188.87
per surgery, while the costs for revision surgery range from
$17,650 to $39,643, illustrating the potential for substan-
tial savings by avoiding revision surgery despite the higher
initial investment in the CT-assisted navigation system.[*4]
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Conclusion

The CT-assisted 3D navigation system is an extremely use-
ful tool that enables spinal surgeons to perform efficient and
safe surgeries. This modern technology cannot replace the
traditional anatomical and surgical competence, but it defi-
nitely improves the accuracy of instrumented procedures,
allows for significant reduction in radiation exposure of
the surgical staff, and reduces systemic and neurological
complications. The CT-assisted 3D navigation system can
even facilitate the resection of spinal column tumors and is
particularly useful in MISS. Limitations to the widespread
utilization of the CT-assisted 3D navigation system include
the significant costs of purchase and the necessity for train-
ing the surgical team to easily overcome the learning curve.
Currently, the efficacy, efficiency, and safety of navigation
systems are proven, which fully justifies the costs, and this
will encourage the widespread use of modern navigation
techniques. Further randomized studies will be needed to
definitively establish patient-specific variables such as in-
traoperative blood loss, complications, and postoperative
clinical outcomes.

References

1. Papalia GE Vadala G, Russo F, et al. Higher accuracy and better clini-
cal outcomes in navigated thoraco-lumbar pedicle screw fixation ver-
sus conventional techniques. a systematic review and meta-analysis.
Spine 2024; 49:1370-80.

2. Larson AN, Polly DW, Ackerman SJ, et al. What would be the annual
cost savings if fewer screws were used in adolescent idiopathic scolio-
sis treatment in the US? Neurosurg Spine 2016; 24:116-23.

3. Staartjes VE, Klukowska AM, Schréder ML. Pedicle screw revision in
robot-guided, navigated, and freehand thoracolumbar instrumenta-
tion: a systematic review and meta-analysis. World Neurosurg 2018;
116:433-43.

4. Perna F, Borghi R, Pilla F, et al. Pedicle screw insertion techniques: an
update and review of the literature. Musculokelet Surg 2016; 100:165-
9. doi: 10.1007/s12306-016-0438-8

5. Feng W, Wang W, Chen S, et al. O-arm navigation versus C-arm guid-
ance for pedicle screw placement in spine surgery: a systematic review
and meta-analysis. Int Orthop 2020; 44(5):919-26.

6. Verma SK, Singh PK, Agrawal D, et al. O-arm with naviga-
tion versus C-arm: a review of screw placement over 3 years
at a major trauma center. Br ] Neurosurg 2016; 30:658-61. doi:
10.1080/02688697.2016.1206179

7. Knafo S, Mireau E, Bennis S, et al. Operative and perioperative dura-
tions in O-arm vs C-arm fluoroscopy for lumbar instrumentation. Oper
Neurosurg (Hagerstown) 2018; 14:273-8. doi: 10.1093/ons/opx142

8. Rawicki N, Dowdell JE, Sandhu HS. Current state of navigation in spine
surgery. Ann Transl Med 2021; 9(1):85. doi: 10.21037/atm-20-1335

9. Laudato PA, Pierzchala K, Schizas C. Pedicle screw insertion accuracy
using O-arm, robotic guidance, or freehand technique: a comparative
study. Spine (Phila Pa 1976) 2018; 43:E373-E8.

10. Urbanski W, Jurasz W, Wolanczyk M, et al. Increased radiation but no

benefits in pedicle screw accuracy with navigation versus a frechand

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

technique in scoliosis surgery. Clin Orthop Relat Res 2018; 476:1020-7.
Amiot LP, Lang K, Putzier M, et al. Comparative results between
conventional and computer-assisted pedicle screw installation in
the thoracic, lumbar, and sacral spine. Spine (Phila Pa 1976) 2000;
25:606-14.

Yu X, Xu L, Bi LY. Spinal navigation with intra-operative 3D imaging
modality in lumbar pedicle screw fixation. Zhonghua Yi Xue Za Zhi
2008; 88:1905-8.

Cammarata G, Scalia G, Costanzo R, et al. Fluoroscopy-assisted free-
hand versus 3D-navigated imaging-assisted pedicle screw insertion:
a multicenter study. Acta Neurochir Suppl 2023; 135:425-30. doi:
10.1007/978-3-031-36084-8_65

Heath DC, Chang H-K, Chang C-C, et al. Comparison between ro-
bot-assisted and navigation-guided minimally invasive transforami-
nal lumbar interbody fusion: a multicenter study. Neurosurg Focus
2024; 57(6):E12. doi: 10.3171/2024.9.FOCUS24521

Chatelain LS, Kourilsky A, Lot G, et al. Airo® navigation versus free-
hand fluoroscopy technique: a comparative study of accuracy and
radiological exposure for thoracolumbar screws placement. Neuro-
chirurgie 2023; 69:101437.

Perdomo-Pantoja A, Ishida W, Zygourakis C, et al. Accuracy of cur-
rent techniques for placement of pedicle screws in the spine: a com-
prehensive systematic review and meta-analysis of 51,161 screws.
World Neurosurg 2019; 126:664-78.e3.

Luther N, Iorgulescu JB, Geannette C, et al. Comparison of navigated
versus non-navigated pedicle screw placement in 260 patients and
1434 screws: screw accuracy, screw size, and the complexity of sur-
gery. ] Spinal Disord Tech 2015; 28:E298-E303.

Campbell DH, McDonald D, Araghi K, et al. The clinical impact of
image guidance and robotics in spinal surgery: a review of safety, ac-
curacy, efficiency, and complication reduction. Int J Spine Surg 2021;
15(S2):S10-S20. doi: 10.14444/8136

Chen K, Chen H, Zhang K, et al. O-arm navigation combined with
microscope-assisted MIS-TLIF in the treatment of lumbar degenera-
tive disease. Clin Spine Surg Spine Publ 2019; 32:E235-E40.
Singhatanadgige W, Pholprajug P, Songthong K, et al. Comparative ra-
diographic analyses and clinical outcomes between O-arm navigated
and fluoroscopic-guided minimally invasive transforaminal lumbar
interbody fusion. Int J Spine Surg 2022; 16:151-8.

Wang Y, Chen K, Chen H, et al. Comparison between free-hand and
O-arm-based navigated posterior lumbar interbody fusion in elder-
ly cohorts with three-level lumbar degenerative disease. Int Orthop
2019; 43:351-7.

Smith HE, Welsch MD, Sasso RC, et al. Comparison of radiation ex-
posure in lumbar pedicle screw placement with fluoroscopy vs com-
puter-assisted image guidance with intraoperative three-dimensional
imaging. J Spinal Cord Med 2008; 31:532-7.

Theocharopoulos N, Perisinakis K, Damilakis J, et al. Occupational
exposure from common fluoroscopic projections used in orthopaedic
surgery. ] Bone Joint Surg Am 2003; 85:1698-703.

Gebhard FT, Kraus MD, Schneider E, et al. Does computer-assisted
spine surgery reduce intraoperative radiation doses? Spine (Phila Pa
1976) 2006; 31:2024-7.

Kraus MD, Krischak G, Keppler P, et al. Can computer-assisted sur-
gery reduce the effective dose for spinal fusion and sacroiliac screw
insertion? Clin Orthop Relat Res 2010; 468:2419-29.

Bindal RK, Glaze S, Ognoskie M, et al. Surgeon and patient radiation

exposure in minimally invasive transforaminal lumbar interbody fu-

Folia Medica | 2025 | Vol. 67 | No. 2



27.

28.

29.

30.

31.

32.

33.

34.

sion. ] Neurosurg Spine 2008; 9:570-3.

Kim CW, Lee YP, Taylor W, et al. Use of navigation assisted fluoros-
copy to decrease radiation exposure during minimally invasive spine
surgery. Spine ] 2008; 8:584-90.

Nottmeier EW, Bowman C, Nelson KL. Surgeon radiation exposure
in cone beam computed tomography based, image-guided spinal sur-
gery. Int ] Med Robot 2012; 8:196-200.

Ansari D, DesLaurier JT, Almadidy Z, et al. A retrospective compara-
tive analysis of perioperative complications in navigated versus con-
ventional thoracolumbar fusion in the setting of adult spinal defor-
mity. World Neurosurg 2022; 162:¢616-e625.

Baldwin KD, Kadiyala M, Talwar D, et al. Does intraoperative CT nav-
igation increase the accuracy of pedicle screw placement in pediatric
spinal deformity surgery? A systematic review and meta-analysis.
Spine Deform 2022; 10:19-29.

Rohe S, Strube P, Holzl A, et al. Cone-beam navigation can reduce the
radiation exposure and save fusion length-dependent operation time
in comparison to conventional fluoroscopy in pedicle-screw based
lumbar interbody fusion. ] Pers Med 2022; 12:736.

Meng X, Guan X, Zhang H, et al. Computer navigation versus flu-
oroscopy-guided navigation for thoracic pedicle screw placement: a
meta-analysis. Neurosurg Rev 2016; 39:385-91.

Ver MLP, Gum JL, Crawford CH, et al. Index episode-of-care propen-
sity-matched comparison of transforaminal lumbar interbody fusion
(TLIF) techniques: open traditional TLIF versus midline lumbar in-
terbody fusion (MIDLIF) versus robot-assisted MIDLIF. ] Neurosurg
Spine 2020; 32:741-7.

Peng P, Chen K, Chen H, et al. Comparison of O-arm navigation and

microscope-assisted minimally invasive transforaminal lumbar inter-

CT-assisted 3-dimensional navigation in spine surgery

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

body fusion and conventional transforaminal lumbar interbody fu-
sion for the treatment of lumbar isthmic spondylolisthesis. ] Orthop
Transl 2020; 20:107-12.

Wang E, Manning J, Varlotta CG, et al. Radiation exposure in posterior
lumbar fusion: a comparison of CT image-guided navigation, robotic
assistance, and intraoperative fluoroscopy. Glob Spine ] 2021; 11:450-7.
Goldberg JL, Hirtl R, Elowitz E. Minimally invasive spine surgery: an
overview. World Neurosurg 2022; 163:214-27.

Otomo N, Funao H, Yamanouchi K, et al. Computed tomography
based navigation system in current spine surgery: a narrative review.
Medicina (Mex) 2022; 58:241.

Bourgeois AC, Faulkner AR, Pasciak AS, et al. The evolution of
image-guided lumbosacral spine surgery. Ann Transl Med 2015;
3(5):69:1-13.

Overley SC, Cho SK, Mehta Al et al. Navigation and Robotics in spi-
nal surgery: where are we now? Neurosurgery 2017; 80:S86-S99.
Bourgeois AC, Faulkner AR, Bradley YC, et al. Improved accuracy
of minimally invasive transpedicular screw placement in the lumbar
spine with three-dimensional stereotactic image guidance: a compar-
ative meta-analysis. Clinical Spine Surgery 2015; 28(9):324-9.

Virk S, Qureshi S. Navigation in minimally invasive spine surgery. J
Spine Surg 2019; 5:525-S30.

Vaishnav AS, Othman YA, Virk SS, et al. Current state of minimally in-
vasive spine surgery. ] Spine Surg 2019; 5:52-S10.

Vaishnav AS, Merrill R, Sandhu H, et al. A review of techniques, time-
demand, radiation exposure and outcomes of skin-anchored intra-
operative 3D navigation in minimally invasive lumbar spinal surgery.
Spine (Phila Pa 1976) 2020; 45:E465-76.

Al-Khouja L, Shweikeh F, Pashman R, et al. Economics of image guid-
ance and navigation in spine surgery. Surg Neurol Int 2015; 6:5323-S6.

Folia Medica | 2025 | Vol. 67 | No. 2

Folia Medica



