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Modern-day image-guided surgery (IGS) in crani-
al and spinal neurosurgery with advanced com-
puters and frame-based technology expanded 

in the 1990s, but one of the earliest documented cases in 
which combined fluoroscopic and television technology 
was used to perform a stereotactic cordotomy was noted 
in the 1960s.1 Widespread use in various subspecialties 
has been expanded to represent the standard of care in 
cranial neurosurgery2–6 and has become commonplace in 
spine surgery. A reference frame can be adapted to any 
part of the skull and spinal column to navigate surgical 
procedures.

A unique part of the spinal column that poses a chal-
lenge to surgical access, approach, and visualization is 
the anterior and lateral thoracic spine. One of the more 
technically challenging procedures in spine surgery is a 
thoracic disc herniation, with greater complexity added in 
deformity, neoplasms, and infection. The high risk of neu-
rological decline from a posterior midline approach has 
encouraged the development of different safe approaches 
for spinal cord decompression without neural manipula-
tion and maximal safe decompression. As early as 1969, 
Perot and Munro recognized the need for safer approach-
es to decompress the spinal cord, and they performed a 
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OBJECTIVE The purpose of this study was to describe the evolution of thoracoscopic spine surgery from basic endo-
scopic procedures using fluoroscopy and anatomical localization through developmental iterations to the current technol-
ogy use in which endoscopy and image-guided surgery are merged with intraoperative CT scanning.
METHODS The authors provided detailed explanations of their thoracoscopic spine surgery techniques, beginning with 
their early-generation endoscopy with fluoroscopic localization, which was followed with point surface matching tech-
niques and early image guidance. The authors supplanted this with the modern era of image guidance, thoracoscopic 
spine surgery, and seamless integration that has reached its current level of refinement.
RESULTS A retrospective review of single-institution thoracoscopic procedures performed by the senior author over the 
course of 19 years yielded a total of 160 patients, including 73 women and 87 men. The mean patient age was 55 years, 
and the range included patients 16–94 years of age. There were no patients with worsened neurological function. One 
hundred sixteen patients underwent surgery for thoracic disc herniation, 18 for underlying neoplasms with spinal cord 
compression, 14 for osteomyelitis and discitis, 12 for thoracic deformity with neurological changes, and 8 for traumatic 
etiologies.
CONCLUSIONS More than 19 years of experience has revealed the benefits of integrating thoracoscopic spine surgery 
with intraoperative CT scanning and image-guided surgery, including direct decompression without manipulation of 
neural elements, superior 3D spatial orientation, and localization of complex spinal anatomy. With the exponential growth 
of machine learning, robotics, artificial intelligence, and advances in imaging techniques and endoscopic imaging, there 
may be further refinements of this technique on the horizon.
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novel transthoracic approach with good neurological out-
come.7

The first reported usage of video-assisted thoraco-
scopic surgery (VATS) of the spine was in 1993 and was 
considered the prototype for minimally invasive surgery 
(MIS) of the spine.8–11 It was difficult to use for a relatively 
infrequent disease (i.e., thoracic disc herniation, thoracic 
osteomyelitis, or thoracic neoplasm), early instruments 
were limited, and 3D orientation was difficult to inter-
pret on a 2D screen.12–18 To improve on this technology, 
we merged and incorporated both IGS and fluoroscopy to 
point register to the anterior thoracic spine and correlate 
with endoscopic imaging to allow for better accuracy and 
familiarity, and we published the results of our early ex-
perience.19–22 However, due to the difficult calibration of 
this point-match registration system on the anterior spine, 
it was difficult to achieve IGS registration with the spinal 
anatomy. Therefore, it failed to gain widespread accep-
tance and incorporation at different centers.20,23,24

We entered the second generation of this combined 
IGS and thoracoscopic surgery with the advent of the in-
traoperative CT (iCT) scanner in the form of the O-arm 
(Medtronic, Inc.) in 2006. This technology and advanced 
registration system allowed for more versatility, accurate 
registration, and widespread incorporation because this 
technology was already being used with IGS for posterior 
spinal instrumentation, and we published these results and 
techniques in 2014.25 As with all technologies, we have 
made continuous improvements in our IGS systems with 
refinements of our techniques, which has led to a superior 
workflow and maximal patient benefits under the senior 
spine surgeon’s guidance in 160 patients treated over a pe-
riod of 19 years at a single institution. This manuscript 
describes the evolution of early-generation combined IGS 
and VATS technology, which was difficult to easily repro-
duce and was supplanted with automatically registered 
iCT—which has fully matured in our experience and has 
begun to gain acceptance and usage again.26

Methods
We previously introduced and meticulously elucidated 

our approach for image-guided thoracoscopic spine sur-
gery in 2014.25 In our third generation, which has evolved, 
we highlight the changes in our approach below.

Key Sequences for Incision, Port Placement, and 
Optimization of Trajectory

The key sequences are as follows: 1) iCT image ac-
quisition; 2) localization for the optimal trajectories for 
our port placement using IGS; and 3) thoracic endoscopy 
and performance of the decompressive spinal procedure. 
We currently use the StealthStation S8 navigation system 
(Medtronic, Inc.) for registration and guidance, which in-
tegrates with the O-arm iCT (Fig. 1).

Position and Preparation
Deflation of the ipsilateral lung allows for adequate 

visualization of the operative field. It is essential that the 
patient is in a true lateral position in order for visualiza-
tion and localization to integrate seamlessly. The surgeon 

operates from the ventral side of the patient as they main-
tain the trajectories of the working ports aimed posteriorly 
toward the disc space and central canal. A second assistant 
is on the dorsal side of the patient for facilitation of video 
camera positioning and extra instrument preparation.

Radiographic Localization and Placement of Spinal Reference 
Frame

The current localization is done entirely with iCT and 
the navigation system. After preparing and draping the 
patient, including the chest for thoracoscopy access, a 
separate dorsal midline incision is made at a similar tho-
racic operative level for spinous process reference frame 
attachment. Localization is confirmed in relation to the 
reference frame. Most thoracic disc herniations or pa-
thologies have a distinctive radiographic appearance (e.g., 
calcified disc herniation, distinct vertebral osteophytes, 
etc.), which can be confirmed on a preoperative CT scan. 
We always recommend obtaining a preoperative scan for 
any patient with thoracic pathology who may undergo re-
section.

Navigation Registration
As compared to our last generation, we now use the 

StealthStation S8 (Medtronic, Inc.), with automatic reg-

FIG. 1. Setup of operating room with the operating surgeon working with 
the anterior access ports. The monitor with the thoracoscopic images 
and the IGS monitor are both facing the surgeon. The IGS camera array 
is also facing the posteriorly placed reference frame.
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istration of the CT images obtained by the O-arm, and 
this process is carried out by the software installed in the 
StealthStation. We attach and calibrate a reference frame 
to our instruments, with the most important instrument 
being the drill. We typically use a Midas R or TU tool 
with a No. 33 bit (Medtronic, Inc.).

Port Placement
The 3 thoracoscopic port placements are placed in a 

triangular manner, with the first endoscope port placed in 
the posterior axillary line that is directly perpendicular to 
the level of the spinal pathology. The subsequent 2 work-
ing ports are placed in the anterior axillary line approxi-
mately 3–4 cm rostral and caudal to the operative level of 
interest. The port placement anterior and posterior to the 
midaxillary line results in approximately a 15° angulation 
of the instruments in the working ports (Fig. 2). A trocar 
device can be used if needed to penetrate the tough mus-
cular abdominal wall. Additionally, the exact sites of the 
port placement are now determined based on the most fa-
vorable trajectory as directed by navigation visualization 
before the incision is made (Fig. 3).

Surgical Instruments
We have previously described the instruments used;25 

however, it is important to note that although the 0° endo-
scopes are used for the majority of cases, occasionally the 
15° endoscopes are used when needed with difficult visu-
alization. The high-speed drill is the most important in-
strument in a thoracoscopic procedure; therefore, we track 
the drill in real time with an attached reference frame.

Image-Guided Thoracoscopic Procedure
Image guidance is used to localize the level of pathol-

ogy, which can include disc herniation, deformity, neo-
plasm, infection, or trauma. Once the level of interest is 
identified, the pleura is opened as previously described.25 
In order to expand the working corridor, we identify the 

rib head overlying the pedicle and/or disc space of interest. 
It can be drilled out so as to expand the bony foramen, as 
is the disc space posteriorly. This working corridor then 
allows the surgeon more space ventral to the spinal cord.

The image-guidance system then provides real-time 
orthogonal 3D views as the reference tracking device is 
attached and calibrated to any working instrument. The 
goal is to achieve adequate decompression circumferen-
tially, and so the ultimate target in trajectory views is the 
contralateral pedicle (Fig. 3). A large working cavity in the 
posterior one-third of the vertebrae is created crossing the 
disc space and allows for safe access ventral to the central 
canal and spinal cord. The ability to visualize the deep 
bony anatomy allows the surgeon to avoid injury to sur-
rounding neurovascular structures.

Once the dura mater is visualized from superior to in-
ferior disc levels as well as from ipsilateral to contralateral 
pedicles, the adequacy of the decompression is confirmed. 
Additional localization and exploration can be assessed at 
the end of the procedure, and hemostasis is then achieved. 
If necessary, a repeat iCT scan can be performed to con-
firm the adequacy of the decompression.

Results
Patient Demographics and Results

Our combined multigenerational 19-year experience 
with video-assisted, image-guided MIS thoracoscopic 
procedures was successfully performed in 160 patients 
(73 women and 87 men). The mean age of the patients was 
55 years (range 16–94 years). Patient characteristics and 
demographics are listed in Table 1.

The most common diagnosis was herniated disc caus-
ing myelopathy in patients with 1-, 2-, 3-, 4-, and 5-level 
disc herniations, and the remainder included patients with 
tumors, trauma, deformity, discitis/osteomyelitis, ossifica-
tion of the posterior longitudinal ligament (OPLL), and 
ankylosing spondylitis. There was a total of 116 patients 
with symptomatic disc herniations, of which 98 were sin-
gle-level, 8 were 2-level, 5 were 3-level, 2 were 4-level, 
and 3 were 5-level disc herniations. Fourteen patients un-
derwent surgery for discitis/osteomyelitis, one of whom 
had Pott’s disease. A total of 8 patients had a traumatic 
etiology that necessitated surgery. Twelve patients had de-
generative kyphotic deformity, including Scheuermann’s 
kyphosis, without underlying neoplasm, infection, or 
trauma. Eighteen patients were operated on for neoplastic 
etiologies that included metastatic renal cell carcinoma, 
breast carcinoma, nerve sheath tumors, spindle cell tumor, 
intraspinal hemorrhagic hemangioma, leiomyosarcoma, 
parotid carcinoma, plasmacytoma, and chronic myelog-
enous leukemia.

The mean blood loss was 476 ml (range 20–7000 ml), 
and the mean operative time was 292 minutes (range 
90–679 minutes). Chest tubes were placed to water seal 
at the end of the case and maintained for an average of 
24 hours, although 6 patients required chest tube drain-
age for 48 hours or more due to symptomatic effusion or 
underlying respiratory disease. Patients were typically fol-
lowed for 1 year or until all symptoms had resolved (range 
6 months–10 years).

FIG. 2. Schematic drawing depicting the instruments in the ports, which 
include a drill and a scope, angled at 15°, in relation to the midaxillary 
line and in the trajectory of the rib head–pedicle junction at the level of 
the pathology.
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The total number of discectomies performed for any 
etiology was a total of 143 disc levels (Table 2). The most 
common level operated on was T11–12 with 25 total dis-
cectomies, followed by T7–8 with 22 discectomies. There 
were no surgery-related deaths in our 19-year experience. 
There were no patients who had worsening neurological 
dysfunction and no reported significant lung, vascular 
(e.g., aorta or inferior vena cava), and sympathetic injuries. 
Although we had patients with CSF leakage associated 
with large, calcified disc herniations that were managed 
with lumbar drainage, only 1 patient required return to the 
operating room for repair. Additionally, 6 of our total 160 
patients went back to the operating room for residual disc 
herniation or multilevel OPLL (Table 1).

Discussion
History of Transthoracic Approaches for Thoracic Disc 
Surgery

In 1969, Perot and Munro had summarized the high 
rate of neurological decline reported in the literature up to 

that point (i.e., 16/91 [17.5%] of patients who had resultant 
paraplegia after midline laminectomies for decompression 
of thoracic disc herniations) and had presented a series of 
2 patients in whom they performed a novel transthoracic 
approach with good neurological outcome.7 Interestingly, 
in 15/16 of those patients who had paraplegia there was 
a central disc herniation and, although costotransversec-
tomy and transpedicular approaches are feasible, we pre-
viously recommended transthoracic approaches for these 
central herniations and advised practitioners to use the 
prior approaches for paracentral herniations.20

Early Localization in Thoracoscopic Spine Surgery
Different treatments addressed for thoracoscopic spine 

pathologies include sympathectomy,27 discectomy,28 ver-
tebral biopsy, anterior release,28 vertebral corpectomy, in-
ternal fixation, arthrodesis29 and tumor resection.26,30 Prior 
to the integration of image guidance, cumbersome tech-
niques were used to localize the level of interest, including 
CT-guided methylene blue injection into the appropriate 

FIG. 3. Navigation screen on the Medtronic StealthStation S8 demonstrating a trajectory view in two planes and axial and sagittal 
views of the spine. The surgeon is using this view to determine the optimal location of port placement and to determine the optimal 
trajectory for the decompression. Please note the trajectory starting at the rib head and continuing close to the spinal canal en 
route to the contralateral pedicle.
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level preoperatively.29 Although several variations of thora-
cotomy were used, only basic video endoscopy was being 
used during the surgical procedure when a 3D anatomi-
cal understanding was necessary,12,19 and so thoracoscopic 
procedures failed to be integrated in a widespread fashion.

First-Generation Image Guidance and Thoracoscopic Disc 
Surgery

First-generation image-guidance technology required 
that the surgeon either obtain a CT scan with the patient 
under general anesthesia31,32 or use historical CT data and 
do a manual point-to-point registration.13,19,20,33 These early 
registration protocols required matching 3 distinct radio-
graphic points on the axial CT scans with 3 anatomical 
points on the spinal column. In the case of VATS, the ma-
jor limitation was the inability to efficiently register the 
preoperative CT scan to the anterior spinal column be-
cause of the lack of distinct anatomical contours that could 
be accurately identified. These factors limited the clinical 
use of thoracoscopy and VATS for many procedures.

Evolution of VATS With Modern-Era IGS Using iCT and 
Automatic Registration

One of the positively disruptive changes in thoracoscopic 
spine surgery has been the advent of the mobile iCT scan-
ners and automatic registration with the IGS workstation, 
which has streamlined the process of IGS thoracoscopic 
MIS of the spine. To date, we have had approximately 14 
years of experience with this enhanced technology that 
continues to evolve and improve. The patient is positioned, 
and a reference clamp is attached to a spinous process in 

the vicinity of the level of pathology, followed by an iCT 
scan. Once the CT scanning process is completed, the im-
ages are directly loaded to a computer workstation, specifi-
cally the StealthStation (Medtronic, Inc.), where software 
renders a 3D reconstruction, automatically registers the 
images in relation to the reference frame and spine, and 
eliminates the logistics and potential error that previously 
affected the procedural accuracy of IGS. The efficiency 
and accuracy of this system has continued to improve with 
the current-generation StealthStation (S8; Medtronic, Inc.).

Previous localization has been largely eliminated us-
ing an integrated iCT and IGS system, whereas previous 
techniques relied on level counting from the pelvis, the 
skull base, or even required placement of a percutane-
ous pedicle marker in the fluoroscopy suite.34 This paper 
demonstrates our 19-year institutional experience with the 
various thoracic spinal pathologies that were addressed, 
including disc herniations (Fig. 4), tumors, infection, trau-
ma, and deformity, which were preferentially treated using 
MIS procedures with IGS and VATS technologies.

The senior author has seen improved workflow, efficien-
cy, and accuracy in these procedures as a result of experi-
ence, improved technology, and superior imaging quality. 
Although posterior lateral and oblique approaches exist, 
they offer inferior visualization and often lead to destabi-
lization requiring arthrodesis and instrumentation. Studies 
have demonstrated that thoracoscopic discectomies do not 
necessarily disrupt the stability of the spinal column post-
procedure, which is an advantageous feature over some 
posterior approaches that lead to spinal instability, less su-
perior decompression, and necessity for instrumentation.35

The inherent limitation of this paper is that it reports 
only our current institutional experience—and with spe-
cific pathologies such as herniated discs, deformity, trau-
ma, tumors, vertebral osteomyelitis, and discitis. Never-
theless, it demonstrates the experience of our senior author 
over the course of 2 decades of the evolution of a seamless 
workflow fully integrating the live visualization of VATS 
and iCT with superior image guidance. We previously 
demonstrated the advantages of thoracoscopic over open 
thoracotomy procedures.20 As new technology emerges 
with advanced imaging techniques, robotics, artificial in-
telligence, and machine learning, we will undoubtedly be 

TABLE 1. Demographics and complications in patients who 
underwent thoracoscopic spine surgery

Variable Value

No. of pts 160
Sex (%)
 Male 87 (54)
 Female 73 (46)
Age in yrs
 Mean 55
 Range 16–94
Mean estimated blood loss in ml (range) 476 (20–7000)
Mean op time in mins (range) 292 (90–679)
Pts w/ complications requiring return to OR (%)
 CSF leak 1 (0.6)
 Residual compressive disc or multifocal  
 OPLL

6 (3.8)

Underlying pathologies (%)
 Thoracic disc herniation 116 (72.5)
 Neoplastic 18 (11.3)
 Discitis/osteomyelitis 14 (8.8)
 Kyphotic deformity 12 (7.5)
 Trauma 8 (5)

OR = operating room; pts = patients.

TABLE 2. Levels of operation in our thoracoscopic disc surgery 
experience

Thoracoscopic Disc Levels Total No. Treated

T11–12 25
T10–11 15
T9–10 13
T8–9 14
T7–8 22
T6–7 19
T5–6 11
T4–5 7
T3–4 6
T2–3 11
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able to visualize and treat a wider range of thoracic spine 
diseases thoracoscopically.36 Other institutions have re-
ported favorable outcomes and safety profile data for tho-
racoscopic discectomy.37 Other applications to the fields 
of deformity correction and anterior instrumentation have 
been reported and serve as another potential avenue for 
expansion of this technology.28,38–40 The safe approach to 
tumor resection with good visualization30,41 has led to the 
emergence and reapplication of this technology to a tho-
racic schwannoma at another center recently.26

Conclusions
VATS has arguably remained the only true MIS pro-

cedure for the thoracic spine with real-time visualization, 
iCT, superior integrative 3D technology, and a seamless 
workflow. The evolution of this procedure has demon-
strated efficacy, superiority, and safety as compared to al-
ternative approaches and open thoracotomies. More than 
19 years of experience has revealed the benefits of this 
approach, including direct decompression in many differ-
ent underlying pathologies without manipulation of neural 
elements, superior 3D spatial orientation, and localization 
of complex spinal anatomy. While these techniques have 
gained variable acceptance at other centers, this approach 
offers a powerful tool for a relatively rare but complex pa-
thology. With the exponential growth of machine learning, 
robotics, artificial intelligence and advances in imaging 
techniques and endoscopic imaging, there may be further 
refinements of this technique on the horizon.
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