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Abstract

The use of three-dimensional (3D)- guided navigation and optical tracking in spine and pelvic surgery has significantly evolved over the past two 
decades. This technology enhances implant placement accuracy, improves surgical outcomes, and reduces intraoperative complications such as neu-
rological and vascular injuries. Additionally, it enables minimally invasive techniques, lowers radiation exposure for the surgical team, and improves 
implant anchorage, particularly in osteoporotic bone. Despite these advantages, the surgeon remains fully responsible for the procedure’s success. 
Accurate referencing, continuous validation of virtual versus real anatomy, and the ability to proceed without navigation in case of system failure 
are critical. This paper provides a user-centered perspective on the practical applications, benefits, limitations, and medico-legal implications of 3D 
Guided intraoperative navigation.
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Introduction 
For more than 20 years, trauma surgery has benefited from ar-

tificial intelligence (AI) in the form of 3D-guided screw placement 
in the spine and pelvis. While the early stages were laborious and 
led to significantly longer operative times compared to convention-
al techniques, advancements in hardware and software have made 
possible a user-friendly surgical aid now appreciated by many sur-
geons.

To perform 3D-guided navigation, a powerful computer system 
with appropriate AI software, connection to an optical tracking sys-
tem, and a 3D-capable C-arm fluoroscope is required.

A navigation-guided procedure essentially involves three steps: 
first, the placement of a reference clamp; second, acquisition of the 
3D dataset; and finally, virtual placement of the implants within 
the 3D image. To allow the optical system to detect the reference 
clamp and registered instruments, these are equipped with small 
reflective spheres. The primary applications of 3D-guided intraop 

 
erative navigation in trauma surgery are in the spine and pelvis. In 
these anatomically complex regions, conventional two-dimensional 
imaging is associated with a high rate of error, particularly in the 
minimally invasive placement of stabilizing implants [1-3].

For example, in the case of stabilizing a vertebral body fracture, 
the surgeon must place a screw with a diameter of 4.5 to 7.5 mm 
into each pedicle of the adjacent vertebrae. Pedicles themselves 
often measure only 5–8 mm in diameter, leaving minimal margin 
for error. The screw must pass through the center of the pedicle 
to ensure sufficient anchorage. Perforation of the medial pedicle 
wall risks spinal cord injury, while exiting cranially or caudally may 
compromise nerve roots. Anterior cortical breach may result in 
life-threatening vascular injury.

Patients benefit primarily from intraoperative computer nav-
igation, which provides increased safety. Numerous comparative 
studies have shown that 3D computer-navigated screw placement 
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enables significantly more precise implant positioning than con-
ventional methods [1-3]. As a result, complications due to screw 
misplacement—such as spinal cord, nerve, or vascular injuries—
occur far less frequently [4]. Three-dimensional visualization of an-
atomical structures allows screws to be placed through very small 
incisions, making extensive exposure of the surgical site unneces-
sary. It is well established that minimally invasive procedures result 
in less postoperative pain, shorter recovery times, and lower rates 
of wound healing disorders and infections. Another advantage for 
the patient is that accurate placement of implants in dense bone 
provides secure anchorage, reducing the likelihood of postopera-
tive loosening [4].

Benefits for the Surgeon and OR Team
In conventional procedures, the surgeon relies heavily on re-

peated intraoperative fluoroscopic imaging to guide pedicle or 
pelvic screw placement. During imaging, the entire surgical team 
is exposed to radiation, often accumulating fluoroscopy times in 
the double-digit minute range per patient. Teams performing two 
to three spinal procedures daily are subjected to high cumulative 
annual radiation exposure.

In 3D-guided computer navigation, the required 3D images are 
acquired preoperatively, immediately after patient positioning and 
before the skin incision. During this time, the surgical team exits 
the room. Intraoperative fluoroscopy is only used briefly for veri-
fication, resulting in significantly reduced radiation exposure per 
procedure and cumulatively [1-3].

Surgeons also benefit from superior visualization of their op-
erative actions. They can see the effect of any change in instrument 
position on the virtual 3D anatomy before making the actual move. 
Even minimal adjustments can result in a significantly better final 
implant position. This skill must be learned, but with frequent rep-
etition, the learning curve is steep. Surgeons often show rapid im-
provement in hand-eye coordination [5].

In osteoporotic patients, conventional imaging often fails due to 
the low-density bone structures of the spine and pelvis and inter-
ference from surrounding soft tissue and air. Poor contrast makes 
anatomical boundaries difficult to discern. However, 3D imaging 
can clearly visualize bone structures without overlap, even in the 
presence of osteoporotic changes. Navigation thus provides the 
surgeon with clarity and speed, as the anatomy remains consistent-
ly identifiable.

Potential Pitfalls and Responsibility
For 3D-guided navigation to function correctly, a reference 

clamp must be securely attached to a spinous process. From this 
reference, the AI continuously calculates the position of the instru-
ments relative to the anatomical structures acquired in the 3D data-

set. Any movement of the reference clamp after image acquisition 
alters the relationship between virtual and real anatomy. There-
fore, the surgeon must regularly verify that the virtual anatomy 
still matches the real anatomy [1]. This is typically done by placing 
a registered instrument on a known anatomical landmark. Since 
the system displays both the surface and intrabony position of the 
instrument, alignment of virtual and real anatomy should also be 
checked through brief fluoroscopic verification.

If discrepancies are identified, corrections may be necessary. 
If the reference clamp has been displaced, a new 3D dataset may 
need to be acquired before the procedure can continue. If a mal-
function of the navigation system is detected, the procedure may 
have to be completed without navigation. Thus, the surgeon must 
be capable of performing the surgery without navigational assis-
tance if required.

Preoperatively, patients must be informed not only about the 
planned use of 3D AI-guided navigation but also about the possi-
bility that the procedure may need to be completed without the 
assistance of AI.

Conclusion
From a user’s perspective, responsibility for the safe execu-

tion of 3D-guided, AI-assisted navigation lies entirely with the sur-
geon—from secure placement of the reference clamp to 3D image 
acquisition, to final implant positioning. The surgeon must be able 
to recognize inconsistencies or system malfunctions and be pre-
pared to continue the procedure without navigation if necessary.
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