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Abstract

Beginning with basic stereotactic operative methods in neurosurgery, intraoperative navigation and 

image guidance systems have since become the norm in that field. Following the introduction of 

image guidance into spinal surgery, there has been a dramatic increase in its utilization across 

disciplines and pathologies. Spine tumor surgery encompasses a wide range of complex surgical 

techniques and treatment strategies. Similarly to deformity correction and trauma surgery, spine 

navigation holds potential to improve outcomes and optimize surgical technique for spinal tumors. 

Recent data demonstrate the applicability of neuro-navigation in the field of spinal oncology, 

particularly for spinal stabilization, maximizing extent of resection and integration of minimally 

invasive therapies. The rapid introduction of new, less invasive and ablative surgical techniques in 

spine oncology coupled with the rising incidence of spinal metastatic disease make it imperative 

for spine surgeons to be familiar with the indications for and limitations of imaging guidance. 

Herein we provide a practical, current concepts narrative review on the use of spinal navigation in 

three areas of spinal oncology: a) extent of tumor resection, b) spinal column stabilization, and c) 

focal ablation techniques.
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Introduction

Treatment goals of spinal tumor surgery include local tumor control, preservation or 

restoration of both neurologic function and spinal stability, and quality of life improvement. 

With an aging population and improved systemic treatment options, the incidence of spine 

tumor patients requiring surgery is rising [12,17,67]. Recent advancements include 

integration of technology such as stereotactic radiosurgery, minimally invasive surgical 

(MIS) techniques, improved spinal stabilization methods, and percutaneous ablation systems 

[69].

Spinal navigation has been used in the degenerative, deformity, and trauma populations for 

years with data supporting improved hardware placement accuracy, reduced screw 

placement time and decreased risk of reoperation [36,49,29]. Furthermore, it facilitates MIS 

operations, which in the spine tumor population has been shown to decrease the risk of 

wound complications, expedite recovery, and shorten time to radiation (RT) and systemic 

therapy [25,24,13,51]. A variety of intraoperative navigational tools are now available, 

including 2- or 3- dimensional systems which can be portable or permanent installed in a 

‘hybrid’ OR. Imaging modalities of these systems range from fluoroscopic based systems 

like Ziehm Vision RFD 3D™ (Ziehm Imaging GmbH, Nuremberg, Germany) to computed 

tomography (CT) devices such as the cone-beam O-arm™ (Medtronic, Minneapolis, MN) 

and Airo® (BrainLab AG, Munich, Germany). As navigation and image-guidance 

technology continues to mature, its use is beginning to take hold in spine oncology.

The current objective is to provide a practical, current concepts review of how spinal 

navigation and image-guidance can be used in the treatment of spinal tumors. This narrative 

review aims to address the following three areas: (a) extent of tumor excision, (b) spinal 

column stabilization, and (c) focal ablation. Detailed cases are provided to illustrate 

navigation principles.

Materials and Methods

To describe the use of navigation and image-guidance in spinal tumor surgery, a practical, 

narrative review was undertaken. The study was exempt from institutional review board 

approval as it did not involve human subjects research. All procedures performed in studies 

involving human participants were in accordance with the ethical standards of the 

institutional and/or national research committee and with the 1964 Helsinki declaration and 

its later amendments or comparable ethical standards.

Relevant articles were searched using the PubMed, Embase, and Google Scholar databases. 

The reference lists of collected studies were scanned for other pertinent articles. The 

MEDLINE search terms included: “minimally invasive spine spinal tumor” OR 
“navigation”OR “stereotactic” OR “image-guidance” OR “fluoroscopy” OR “separation 
surgery” OR “spine oncology” OR “spine metastases.” Since the a-priori objective was to 

conduct a narrative review, a systematic literature search was not done. Rather, a concise 

summary of key navigation concepts in spine tumor surgery was synthesized. Detailed case 

presentations with corresponding figures are provided. The manuscript is divided into three 
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main sections: a) extent of tumor excision, b) stabilization, and c) ablation. Within each 

section, sub-sections of background, intraoperative use, and representative cases are 

included.

Results

I. EXTENT OF TUMOR RESECTION

Complete tumor removal with appropriate surgical margins represents the main goal of 

surgery for primary spinal column tumors. For metastatic tumors of the spine, the key 

surgical goal is spinal cord and nerve root decompression, laying the foundation for optimal 

adjuvant radiation therapy, which can generally be achieved with subtotal tumor excision 

[4].

A) Primary Tumors

Background & Justification: The treatment of primary spinal tumors is in evolution and 

the optimal treatment strategy is debatable. Traditionally primary tumors such as osteogenic 

sarcomas [53], chondrosarcomas [18], and chordomas [27,59] had been operated to achieve 

an en bloc tumor excision with marginal or wide margins. The Enneking system classifies an 

Enneking Appropriate (EA) resection as wide or marginal, compared to an Enneking 

Inappropriate (EI) resection that is intralesional. Achieving an EA resection requires careful 

planning of the exposure, meticulous osteotomy trajectories, and visualization of complex 

three-dimensional anatomy already distorted by tumor. With a cogent understanding of the 

relevant anatomy and tumor margins, navigation can play a crucial role in defining a plane 

of dissection and osteotomy location, thus minimizing the extent of surgical resection. The 

use of frameless stereotactic navigation can be used to navigate drill bits or osteotomes [14]. 

in order to ensure adequate bony resection while encountering challenging anatomy. Image-

guidance assists in maintaining the osteotomy in line with the previously made plan which 

can be crucial to maintaining the tumor margin integrity. This is often done through intra-

operative CT navigation, but the combination of MR and CT images has been reported in a 

large series of sacral chordomas [66,2].

Intraoperative Use: Real time navigation systems require a reference array placed firmly 

on a bony surface. A reference clamp is placed at an adjacent spinous process for thoracic 

lesions, at the posterior superior iliac spine (PSIS) for lumbar or sacral tumors or directly on 

the Mayfield head holder for cervical tumors. Initial exposure requires meticulous care to 

avoid violating the tumor capsule, as often navigation cannot be used until adequate bony 

landmarks are subperiosteally dissected. For some systems, additional anatomical landmarks 

are then chosen for 3-D registration. Though a learning curve exists, this process can be 

done quickly, as one study reported 19.2 minutes for full registration [66]. Upon successful 

registration, instruments can be used to determine the plane of dissection. Though this is 

most reliable in the bony landmarks of the sacrum or pelvis, it can be useful for soft tissue 

planes such as the subcutaneous tissue, erector spinae, gluteus muscles, and pelvic viscera. 

One additional study noted that CT images are most useful to identify proximal level of 

tumor involvement, sacroiliac joints, and other bony landmarks, while MRI is best used to 

identify the inferior sacrum and soft tissue involvement [66]. Previous biopsy tracts can also 
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be excised with certainty, as can previous intralesional surgeries if relevant. One of the 

earliest series of navigation in spine tumor surgery reported successful screw placement and 

tumor localization and excision in 7 patients with both primary and metastatic spine tumors. 

At 18 months follow-up, no LR had occurred and one case of revision surgery was needed 

for a C1 pedicle screw [2].

Sacral and pelvic tumors represent a unique set of challenges given the complex, 3-D 

anatomy of the region and large tumor size. Large tumors are often in close proximity to 

critical structures such as the ureters, rectum, and iliac vessels, iestructures not commonly 

seen in the spine operative corridor. Even the most experienced surgeons may have difficulty 

in achieving wide or marginal margins [34]. First reported by Dosenbrock and colleagues, 

several authors have reported the benefit of using navigation during sacral tumor operations 

[14-16,66,34]. In the only paper to show improved outcomes with navigated sacral tumor 

resection, Jeys et al. [35] described a 9% intralesional resection rate in 23 primary sacral 

tumors using navigation compared to their previously published rate of 29% without 

navigation. For large sacral tumors done in two stages, anterior sacral bone cuts are made in 

the first, anterior stage. In fact, the distal sacrum falls steeply away from the surgeon 

anteriorly after S1, and stereotaxy to know the precise location of the drill or osteotome in 

the anterior S2-S4 region can be very useful when operating deep in the pelvis with vessels 

nearby [1]. Yang et al. [66] reported the use of navigation in the resection of 26 sacral 

chordomas, of which 18 were wide, 4 marginal, and 4 intralesional resections. Interestingly, 

the difference between the preoperative planned bone cuts to the tumor edge and resected 

specimen to the tumor edge for EA resections was +4.1mm (range 1.9-6.8mm) compared to 

the EI resections distances, where the four excised specimens were shorter than that of the 

preoperative plans by −2.0mm (range −1.1-3.0mm). The authors concluded that computer-

assisted navigation allowed for execution of preoperative planning with minimal registration 

deviation.

Representative Case: A 22 year-old male presented with back pain after weightlifting and 

on further workup was found to have the right thoracic mass shown in Figure 1. This tumor

—ultimately diagnosed as a chondrosarcoma—was invading only a portion of the T4 and T5 

vertebral bodies, but intraoperative navigation allowed for resection with clean margins 

while sparing the patient a complete two-level corpectomy.

B) Metastatic Tumors

Background & Justification: With the integration of spinal stereotactic radiosurgery (SRS), 

separation surgery has become the preferred treatment for metastatic epidural spinal cord 

compression (MESCC) [4,5]. Using this combined hybrid therapy of separation surgery with 

concomitant radiosurgery, [4] extensive cytoreductive surgery is no longer necessary, as SRS 

provides reliable tumor control regardless of volume and histology [65]. The goal of 

separation surgery is to provide separation between the tumor and spinal dura to allow 

adequate doses of SRS to be delivered postoperatively [45]. The thecal sac is reconstituted 

with 2-4mm of space between tumor and the spinal cord and/or nerve roots. SRS can then be 

initiated safely without fear of under-dosing the tumor, leading to inadequate tumor control, 

or of overdosing the nearby organs at risk (OAR) resulting in undesired toxicity [7,38].
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Intraoperative Use: With the transition of surgical treatment of spinal metastases to less 

invasive procedures, methods to minimize surgical exposure, operative time, and 

complications become key. Hence, the role for image-guidance is currently under 

exploration. Separation surgery is a posterolateral approach in which circumferential 

epidural tumor separation can be achieved via bilateral pedicle resection. Ventral tumor 

separation is challenging and methods to ensure adequate ventral decompression include 

resection of the posterior longitudinal ligament (PLL). Primarily, the role of image guidance 

in surgery for spinal metastases is to aid in instrumented stabilization and minimalizing 

exposure to radiation [35]. However, when direct visualization is not possible, image-

guidance, in the form of neuronavigation or ultrasound, becomes the most reliable means of 

visualizing the anterior epidural space. Subsequently, navigated probes and curettes in 

conjunction with intraoperative ultrasound (US) can facilitate achievement and verification 

of ventral decompression [4,47].

Representative Case: Figure 2 demonstrates an example case of metastatic epidural spinal 

cord compression in a 76-year-old gentleman with a known history of renal cell carcinoma 

who presented with isolated back pain. His workup revealed a T4 mass invading the pedicle 

and posterior elements with high grade spinal cord compression. He underwent a posterior 

decompression with circumferential separation using intraoperative navigation and 

ultrasound.

II. SPINAL COLUMN STABILIZATION

Background & Justification—Spinal instability represents an independent surgical 

indication for surgery since radiation or systemic therapies do not restore spinal stability. 

Determination of mechanical integrity is a clinical and radiographic decision facilitated by 

the Spinal Instability Neoplastic Score (SINS) developed by the Spinal Oncology Study 

Group (SOSG) [22]. Cancer patients typically have poor bone quality secondary to the 

osteolytic tumors, radiation, chemotherapy, malnutrition and other age and disease related 

comorbidities. Consequently, arthrodesis is unlikely and stabilization is principally achieved 

through spinal instrumentation and/or cement augmentation. Given the previously 

mentioned high morbidity in metastatic spine tumor patients, a trend towards MIS 

approaches is gaining favor. With less invasive approaches, the use of intraoperative 

navigation becomes essential to hardware placement [29].

Intraoperative Use

Percutaneous screws.: Percutaneous instrumentation allows muscle and ligament sparing 

alongside improved wound healing. Anterior-Posterior (AP) and lateral fluoroscopic 

guidance using one or two x-ray machines or intraoperative CT navigation can be used for 

accurate pedicle screw placement. In the case of tumor-infiltrated or osteoporotic bone, 

pedicle screw cement augmentation can increase pullout strength, as a pedicle fracture or 

hardware failure in a short construct can be potentially catastrophic [52,9]. In cases of sacral 

insufficiency fractures requiring lumbopelvic fixation, percutaneous iliac screws can also be 

placed with an additional “tear-drop” view to visualize the ilium [39]. Although several 

studies cite minimal complication rates, improved pain, and decreased time to radiation, 

[39,46] it is important to note the potential for neurologic injury due to a misplaced screw or 
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cement extravasation always leers [60]. Avoiding these complications with intraoperative 

image guidance, either fluoroscopic or CT-guided, can be essential. The use of fenestrated 

percutaneous pedicle screws has also gained favor [3].

Open screws.: The importance well placed pedicle screws is critical particularly when 

instrumentation is placed before decompression. Intraoperative CT can be a useful adjunct 

for placement of difficult screws or instances where only unilateral fixation is possible [64]. 

At the opposite end of the spine, total sacrectomies provide an equally formidable challenge, 

where pelvic and lumbar pedicle screws bear even more importance [23].

Cement injection.: As stated, cement augmentation — with or without screws — is 

commonly done by surgeons and interventional pain physicians. Kyphoplasty involves 

balloon inflation within the vertebral body followed by polymethylmethacrylate (PMMA) 

injection, [8,24] and vertebroplasty is a similar percutaneous procedure without balloon 

inflation.[33] A study providing Class I evidence of balloon kyphoplasty compared to non-

operative management for treatment of painful metastatic fractures was the Cancer Patient 

Fracture Evaluation (CAFE) study [6]. The randomized, multicenter trial evaluated 65 

patients treated with kyphoplasty compared to 52 treated non-operatively and found a 

statistically significant improvement in pain, activity, analgesic requirement, and quality of 

life in the kyphoplasty group. It should be noted that CT guidance alone is not recommended 

in this population due to the requirement of dynamic imaging. After each cement injection, 

fluoroscopy is used to ensure cement extravasation has not occurred by comparing to the 

pre-injection image.

Representative Case—A 61-year-old male with a known history of multiple myeloma 

presented with mechanical low back pain and was found to have a pathologic L4 

compression fracture, shown Figure 3 (A-B). This patient underwent an L4 kyphoplasty and 

percutaneous L3-5 pedicle screw fixation using fenestrated screws which allowed additional 

cement augmentation in light of poor bone quality.

III. ABLATIVE PROCEDURES

Image-guided ablative techniques represent an assortment of treatment modalities for spine 

tumors and are most often used in the setting of metastatic disease. These techniques may be 

used for either cytoreduction and/or pain control.

A) Laser Interstitial Thermotherapy

Background & Justification: Image-guided laser interstitial thermal therapy (LITT)—

initially developed for ablation of intracranial pathology—has recently been adopted as an 

alternative to traditional open separation surgery in the management of epidural spine 

metastases. There have been four reports describing this technique to date, pioneered at 

M.D. Anderson Cancer Center [57,26,54,56]. The primary indication for the procedure is for 

cytoreduction of radioresistant tumors in the epidural region, creating space for concomitant 

radiosurgery. The technique is particularly useful for patients with contraindications to more 

invasive open separation surgery such as malnutrition or poor performance status. Early 
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results from these studies showed that LITT is effective in reducing epidural tumor burden 

while improving pain and quality of life measures [57,55].

Intraoperative Use: LITT cases require intraoperative MRI to monitor delivery of the 

thermal therapy. A pre-operative CT of the spine is used for navigation by way of 

registration with a spinous process clamp and C-arm fluoroscopy. This navigation system is 

then used to position the laser probe within the involved epidural space, typically via a 

transpedicular, vertical, or translaminar approach [56]. Thermal therapy is then administered 

under real-time intraoperative MRI monitoring; the specific thermal MRI sequence permits 

assessment of both intensity and spread of heat within the involved tissue [57]. The 

workflow of these cases has been meticulously described [55].

B) Radiofrequency Ablation

Background & Justification: Metastatic spine patients frequently suffer from biological 

pain (i.e. night or morning pain, thought to be related to low nighttime cortisol production 

and different from mechanical pain). For those patients who do not undergo surgical 

intervention, radiation therapy is only capable of providing partial pain improvement in 

48-50% of patients, with complete pain relief in a mere 15-18% [40,58,28]. In these 

instances, image-guided radiofrequency ablation (RFA) has emerged as a viable option for 

pain relief.

RFA is a percutaneous procedure involving placement of an electrode into the involved 

vertebral body to deliver high frequency alternating current into the lesion, producing 

frictional heating [37,42]. Local tissue temperatures reach 60-100°C, causing protein 

denaturation and coagulative necrosis of the tumor [42]. Cryoablation is a related technique 

which rapidly reduces the temperature of surrounding tissues to less then −100°C resulting 

in ice crystal formation and a resultant osmotic gradient that causes cell injury [50]. 

Compared to RT alone, RFA can provide rapid relief (including for painful but benign 

lesions), and can be used synergistically with both cement augmentation or concurrent RT 

[28,68,42,62,44]. Long-term outcomes are unclear, but this technology may be a useful 

addition to the minimally invasive methods available for palliative treatment [11].

Intraoperative Use: Several series have endorsed the use of fluoroscopic and CT image 

guidance with RFA [44,61,42,68]. Tumors in difficult-to-reach areas such as the posterior 

vertebral body often require a specialized navigation radiofrequency probe [61,30,42], For 

complex, multi-level lesions, preoperative MRI can be used for navigation to prepare 

overlapping ablation plans, bipedicular approaches, or secondary trajectories to inject 

cooling material near neural elements [61].

After preoperative planning, intraoperative imaging is done with either fluoroscopy or CT-

guidance. Biplanar fluoroscopy can be used for probe placement and to monitor for cement 

extravasation, if this is performed. Fluoroscopy provides suboptimal visualization of tumor, 

however, so for both cryoablation and traditional RFA, probes can be more accurately be 

positioned using CT guidance.
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C) Brachytherapy

Background & Justification: Brachytherapy is the direct application of a radiation source 

to the region of tumor. Though its use in the spine has been limited, it is one of the oldest 

radiation techniques, first described in the early 20th century [31]. Modern day indications 

include salvage treatment for radioresistant tumors in the setting of high grade cord 

compression in a previously irradiated field or if other treatments cannot be tolerated. 

Brachytherapy in the spine enables delivery of a therapeutic radiation dose to dural margin 

using a short-range source and without exceeding spinal cord constraints and may be 

administered using high energy photon beta-emitting radioisotopes in the form of radioactive 

seeds, gel foam, or plaque [20,21,41,43]. Positioning of the brachytherapy source is 

typically performed via an open approach but some sources can be placed in a minimally 

invasive manner. With improved image-guidance brachytherapy options and applications are 

likely to grow.

Intraoperative Use: Spinal brachytherapy is administered either directly during open 

surgery, or percutaneously. In the case of brachytherapy in the setting of open surgery, 

image-guidance is not required. However, when done percutaneously, either fluoroscopy 

[48] or CT/MRI-guidance is used [10,32,63]. Once access to the pedicle is gained, catheters 

are placed into the vertebral body while attempting to minimize radiation dose to adjacent 

neurological and critical structures [21]. Navigation with CT or MRI allows for pre-

operative planning of brachytherapy administration with the assistance of a radiation 

oncologist [19].

Representative Case: Figure 4 demonstrates the use of a navigational system for insertion 

of brachytherapy catheters for vertebral body metastasis. The patient was a 62-year-old 

woman with metastatic thyroid cancer and an associated L3 vertebral body/paravertebral 

metastasis. She underwent percutaneous single-fraction treatment with iridium-192 

delivered percutaneously via flexible afterloading brachytherapy catheters.

Discussion

This current narrative review sought to summarize the utility of neuronavigation in the field 

of spine oncology. Navigation systems can be helpful in traditional open techniques, as 

exemplified by its applications in sacral tumor removal yet perhaps the ripest area for 

navigational techniques is in adjunctive and MIS therapies.

Applications of neuronavigation are rapidly expanding, and large centers continue to add to 

the considerable advances in the field. One recent article applied the growing field of 3D 

printing to the problem of spine oncology surgical planning; Jentzsch et al. reported four 

pelvic sarcomas and the use of navigation for three-dimensional (3D) preoperative planning, 

printing, and patient specific instruments [34]. In comparing one patient with patient-

specific instruments to one with freehand osteotomies, the maximum error in preoperative 

planning compared to the excised tumor was 0.4mm compared to 2.8mm.

Many of the publications identified this review were case reports, case series, or expert 

opinions. As the use of navigation in primary spine tumor surgery grows, cohort studies may 
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eventually be available to correlate metrics such as operative time, blood loss, and length of 

stay between navigated and non-navigated tumors. Furthermore, to our knowledge, no study 

exists showing the effect of navigation on tumor control, which may be a future area of 

study [16].

The spread of any new technology is hindered by both ‘late-adopters’ as well as the learning 

curve necessary to apply the technology. Farfalli and co-authors used navigation in 78 

primary sacropelvic tumors and abandoned its use in four (5%) of cases; time spent on 

navigation significantly improved with experience, however [16]. As this technology 

becomes more widespread, high volume centers continue to disseminate methods of 

improving overall workflow and addressing potential pitfalls. Especially in the setting of 

large, complex operations, experienced surgeons using new technology should not be 

discouraged.

Several noteworthy arguments against the use of navigation warrant discussion. One major 

impediment is cost; the fixed cost of the equipment as well as variable costs of additional 

instruments, maintenance, and staff training are often considered prohibitive. Although there 

is additional reimbursement for the use of navigation, this amount is minimal [29]. On the 

other hand, cost savings through decreased operative time and avoidance of reoperation 

(including possible malpractice claims) are difficult to quantify [29].

Conclusion

While innovative intraoperative navigation equipment and techniques are continually 

produced, their applications in spine oncology grow concomitantly. Navigation assists with 

maximal safe resection in debulking and separation surgeries, improved accuracy with 

instrumentation and targeted local ablative therapies. In light of growing interest in 

minimally invasive procedures with decreased morbidity alongside direct visualization, 

intraoperative navigation is poised to become a critical tool for spine tumor surgeons.
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Fig. 1. 
Intraoperative navigation used to optimize extent of resection. Representative case of a 22 

year-old male with a T4-5 chondrosarcoma. (a) Chest x-ray at diagnosis, (b) axial T1 post-

contrast MRI demonstrating invasion into the T4 vertebral body, (c) post-operative axial CT 

scan depicting partial corpectomy achieved with navigation assistance.
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Fig. 2. 
Navigational assistance and ultrasound for resection of spinal metastasis. Intraoperative 

photographs and ultrasound images during separation surgery for a renal cell carcinoma 

metastasis at T4 with high-grade epidural spinal cord compression. (a) Photograph of 

decompression of the posterior most portion of the tumor, (b) photograph of ventral 

decompression portion of the procedure, using intraoperative navigation, (c) intraoperative 

axial ultrasound view demonstrating echodense material surrounding the spinal cord, (d) 

post-resection axial ultrasound indicating successful decompression of the thecal sac and 

sufficient separation.
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Fig. 3. 
Stabilization and cement augmentation using navigation. Use of fenestrated percutaneous 

pedicle screws for cement augmentation. (a) coronal pre-operative CT scan demonstrating a 

right-sided pathologic compression fracture, (b) axial CT slice at the level of the L4 

compression fracture, (c) post-operative AP x-ray depicting pedicle screw construct with 

evidence of cement administration through fenestrated screws, (d) post-operative lateral x-

ray of the same construct which provides a better view of the kyphoplasty cement injected 

into the L4 vertebral body.
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Fig. 4. 
Use of intraoperative navigation for delivery of brachytherapy. (Left) multi-plane view of 

trajectory planning using intraoperative navigational system, (Right, Top) simulated 

positioning of brachytherapy source at the tip of the afterloading catheter (Right, Bottom) 

guided placement of trocar.
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