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           Introduction 

 The advent of spinal instrumentation allowed spine surgeons to treat complex spinal 
pathologies while maintaining or correcting alignment and maintaining or restoring 
spinal stability. Pedicle screws became an integral part of these complex procedures 
[ 1 ]. As spinal procedures progressed and became more complex, misplacement of 
pedicle screws, with the attendant risk of injury to the spinal cord, nerve roots, great 
vessels, or visceral tissue, or loss of mechanical stability, became a factor infl uenc-
ing surgical outcome. 

 Risk factors related to screw misplacement include the surgeon’s experience, 
anatomic variables (level in the spine, i.e., cervical, thoracic, lumbar, or sacral, and 
size of the pedicle), congenital anomalies or variances, deformity, and revision sur-
gery (notably posterolateral bone fusion mass) [ 2 – 16 ]. In the literature detailing free 
hand or fl uoroscopy-assisted pedicle screw instrumentation, misplacement rates of 
7.4–65.5 % have been reported in the cervical spine [ 17 ,  18 ], 5–41 % in the lumbar 
spine, and 3–55 % in the thoracic spine [ 2 – 16 ,  19 – 27 ]. Implant-related nerve dam-
age has been reported in 0–8 % of cases, while the reported incidence of dural lac-
eration caused by screws is 0–16 % [ 2 – 16 ,  28 ]. Screw-related injuries to viscera and 
blood vessels have also been reported sporadically [ 29 ,  30 ]. However, these compli-
cations may be underreported, and they represent the experience in large centers 
with high patient volumes, which are assumed to have lower complication rates 
compared with centers with smaller patient volumes [ 28 ]. 
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 Over the last 20 years, surgeons’ efforts to consistently achieve perfect screw 
placement have been paralleled by technological advances leading to the introduc-
tion of new tools aimed at reducing the rate of screw misplacement, reducing com-
plication rates, and improving clinical outcomes. Screw placement was once verifi ed 
with intraoperative X-ray, but this technique has clear drawbacks–it is retrospective 
and does not allow real time verifi cation. It is also time consuming and increases the 
risk of infection. Later, real-time two-dimensional (2D) fl uoroscopy was introduced 
to guide and verify screw placement. The drawbacks to 2D fl uoroscopy include 
lower accuracy compared with techniques offering three-dimensional (3D) visual-
ization and guidance [ 31 ], increased risk of infection due to repeated fl uoroscopy 
machine movement between AP and lateral trajectories [ 32 ], and exposure of the 
patient, operating room staff, and surgeon to ionizing radiation. 

 Radiation exposure has become an important issue in the recent years. Both 
patients [ 33 ] and surgeons [ 34 ,  35 ] are at risk for radiation-induced malignancies. 
The risk for cancer among orthopedic surgeons has been estimated to be 5.37 times 
greater than risk in the general population [ 35 ], and the risk for breast cancer in 
female orthopedic surgeons is 2.88 times higher [ 34 ]. One study estimated that up to 
29,000 future cancers could be related to CT scans performed in the US in 2007 [ 36 ]. 
The risk of developing a radiation-related cancer may be higher in the young, espe-
cially young females, and in cases where radiation exposure focuses on areas rich in 
viscera [ 33 ]. Radiation exposure has also been linked to other health problems, such 
as cataracts in the young and dermatological conditions. For all of these reasons, the 
US Food and Drug Administration (FDA) launched an initiative to reduce unneces-
sary radiation exposure from medical imaging in February 2010 [ 37 ]. 

 Radiation exposure during fl uoroscopy-guided spine surgery is estimated at 3.4–
66 s per screw [ 38 – 42 ], depending on fl uoroscopy technique (check fl uoroscopy 
versus real-time continuous fl uoroscopy) and whether the surgeon uses open free- 
hand or percutaneous fl uoroscopy-guided implantation. Surgeons performing verte-
bral body augmentation and minimally invasive spine surgery (MISS) under 
fl uoroscopy guidance are exposed to higher doses of ionizing radiation [ 43 – 45 ]. 

 Well-placed pedicle screws have a biomechanical advantage over misplaced 
screws. One cadaver study demonstrated that pedicle breaching reduces pullout 
strength by 11 % [ 46 ]. Another cadaver study found that medially misplaced screws 
had slightly greater mean pullout strength compared with well-placed pedicle 
screws, and that laterally misplaced screws had less mean pullout. “Airball” screws 
had only 66 % of the mean pullout strength of well-placed screws [ 47 ]. 

 For all these reasons, navigation and robotic systems were developed, with the 
goals of reducing patient and staff exposure to radiation, as well as achieving greater 
accuracy and enhanced stability, and thus reducing surgical complications and the 
need for revision surgeries. The aim of this chapter is to discuss the different naviga-
tion and robotic systems, and to summarize the data regarding their accuracy and 
the radiation associated with their use. We will also raise questions that may need to 
be addressed in future studies.  
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    Systems and Registration Processes 
for Image-Guided Spine Surgery (IGSS) 

    Two-Dimensional (2D) Fluoroscopy-Based 
Image Guidance (Virtual Fluoroscopy) 

 A calibration grid is attached to the C-arm. A series of fl uoroscopy images in AP, 
lateral, and sometimes the pedicle oblique view are acquired with a reference frame 
attached to a stable anatomical landmark, often a spinous process in the vicinity of 
the vertebrae that will be operated. These images are transferred to the navigation 
workstation and this data set is used to navigate implants on the virtual anatomy 
viewed on the screen. An infrared camera aimed at the reference arc and navigation 
tools allows continuous recognition of the navigation tools in relation to the relevant 
anatomy. A continuous “line of sight” must be kept between the infrared camera, 
the reference arc, and the navigation tools. The accuracy of the system will be main-
tained as long as the stability of the reference arc is maintained, motion segments do 
not change their position compared to acquired images, and the navigation tools are 
kept in line with the desired trajectory. 

 Two-dimensional-fl uoroscopy guidance has the advantage of a simple registra-
tion process. In addition, patients are spared the requirement of obtaining preopera-
tive CT examinations, reducing their radiation exposure. However, it does not 
provide 3D visualization of the spinal anatomy during navigation; thus, the risk of 
navigation errors is increased and abnormal axial anatomy is more likely to remain 
unrecognized. Errors may also be greater in cases of poor bone quality, excess intra- 
abdominal gas, morbid obesity, spinal deformity, prior surgery, and congenital 
anomalies [ 48 ]. Furthermore, image resolution is typically best in the center of the 
fi eld and any structures around the periphery may appear distorted secondary to 
parallax, so to maintain the accuracy of navigation across several spinal segments 
the process of data acquisition and anatomic registration may need to be repeated 
several times [ 49 ].  

    CT-Based Image Guidance 

 Navigation systems based on CT guidance use preoperative thin-slice scans and one 
of several registration processes to create a data set, which forms the basis for intra-
operative navigation. Preoperative CT scans are obtained with the patient in a supine 
position, while patients are in the prone position during surgery, usually on a Jackson 
frame, allowing a free abdomen. The resulting vertebral shift and realignment cre-
ates a risk for navigation errors; thus, each vertebra must be registered separately to 
accurately plan and perform the surgery. 
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    Registration for Preoperative CT-Based Navigation 

   Point-Matching Technique 

 Chosen anatomical points on reconstructed views of the preoperative CT scan are 
registered intraoperatively to the patients’ carefully dissected anatomy and viewed 
on the navigation screen. This procedure is time consuming, requires careful dissec-
tion of the relevant anatomy to the bony landmarks and matching of 4–8 points to 
allow adequate registration [ 50 ,  51 ]. Previous laminectomy that has left little poste-
rior bony anatomy may leave a patient with an inadequate set of anatomical points 
for registration [ 52 ]. The registration process must be repeated for each vertebra 
separately to compensate for motion between the preoperative CT (supine) and the 
intraoperative anatomy (prone) [ 53 – 55 ].  

   Surface-Matching Technique 

 Multiple randomly chosen anatomical points on the patients’ surface anatomy are 
touched to increase the number of data points. Selection of multiple points reduces 
the chance of error in the -point matching technique but adds to procedure time [ 51 ].  

   CT-to-Fluoroscopy Merging Systems 

 Intraoperative AP and lateral fl uoroscopy images are taken with a grid connected to a 
C-arm and a reference arc attached to the patients’ anatomy. These images are merged 
to the preoperative CT scan, allowing registration of more than one vertebra [ 56 – 58 ].  

   Electromagnetic Registration Systems 

 Electromagnetic (EM) systems have been developed as another method for tracking 
the location of instruments during surgical navigation to address the disadvantages of 
optical devices, mainly. cables and the requirement to maintain a “line of sight” 
between the infrared camera, the reference arc, and the surgical instruments. Three 
orthogonal electromagnetic fi elds are generated by a transmitter attached to a fi xed 
anatomic reference point. The positional data of these instruments are collected by a 
receiver and integrated to facilitate navigation. Since a line of sight is not required, the 
surgeon and nursing staff are able to work freely within the operative fi eld. However, 
EM image guidance may be compromised by metal artifacts, including surgical 
implants, as well as by any electromagnetic fi elds originating from other equipment 
in the operating room such as monopolar electrocautery, electrocardiogram monitor-
ing, and cell phones. Given the limited area of these EM fi elds, the transmitter may 
also need to be repeatedly transferred to additional anatomic structures to obtain suf-
fi cient tracking information for multilevel procedures [ 40 ,  41 ,  59 ,  60 ]. 
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 Another EM investigational system combined a needle with an EM tip and a 
robotic arm-based fl at panel CT to guide interventional pain clinic procedures, such 
as facet injections and selective nerve root blocks [ 61 ].    

    Intraoperative Cone Beam CT-Based Systems 

 The advent of cone-beam CT (cbCT) registration systems is considered a break-
through compared with navigation systems based on preoperative CT studies 
(Fig.  14.1 ). During the scan, multiple (usually 50–100) fl uoroscopy images are taken 
as the cbCT automatically rotates around the patient for 190–360°, covering a variable 
range of motion segments. These properties vary from one system to another. The 
scan is performed after the patient is positioned for surgery to prevent positional 
changes in anatomy. A reference arc is attached close to the surgical target to allow 
automatic registration and transfer of the data set to the navigation system. Two-
dimensional images are reconstructed in the axial, coronal, and sagittal planes, similar 
to a CT scan. These reconstructions allow intraoperative planning of implant trajec-
tory, size, and length, as well as intraoperative navigation. A second intraoperative 
scan may be performed to confi rm implant position and may lead to immediate intra-
operative correction of misplaced implants, thereby avoiding early revision surgery.

       Intraoperative CT 

 The use of standard CT equipment within the operating theater provides higher 
image quality compared with cbCT. Patient radiation exposure is signifi cant; how-
ever, the surgeon and OR staff are not exposed [ 62 ]. The capital expense is greater, 

  Fig. 14.1    Cone beam CT (cbCT) used for spine surgery. The Ziehm Vision Vario 3D (Ziehm 
Imaging, Nuremberg, Germany) and O-Arm (Medtronics, Minneapolis, MN, USA) are representa-
tive of a range of cbCT products that are currently available       
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the process of scanning and registration is longer, and intraoperative CT (iCT) does 
not allow the use of a Jackson frame. The system cannot be mobilized between dif-
ferent operating rooms [ 62 – 65 ].   

    Robotic Guidance in Spine Surgery 

 In recent years, a variety of robots for different surgical applications have been 
introduced [ 66 ,  67 ]. Surgical robots can be divided into three broad categories: (1) 
Supervisory-controlled systems enable the surgeon to plan the operation offl ine, 
specifying motions that the robot must follow to perform the operation. The robot 
then performs the procedure autonomously with the surgeon supervising closely. (2) 
Telesurgical systems allow the surgeon to directly control surgical instruments held 
by the robot via a joystick or hand controls, with either passive or active task execu-
tion. (3) Shared-control systems allow both the surgeon and the robot simultaneous 
direct control of surgical instruments [ 68 ]. To date, the majority of robotic-assisted 
spine operations have involved a shared-control system. 

 A recent review [ 69 ] discussed 18 robotic systems, of which fi ve are clinically 
available. One is dedicated to spine surgery, one aimed at needle interventions, two are 
focused on radiosurgery, and one was tested for spine surgery but is used primarily in 
other surgical specialties. The authors concluded that the fi eld of spine surgical robots 
“is still at an early stage of development but with great potential for improvement.” 

    A Robotic System in Clinical Use 

 To the authors’ best knowledge, only one robotic system dedicated to spine surgery 
is clinically used [ 70 – 76 ]. The system consists of a grid attached to a C-arm, a 
workstation containing a miniature robot, a computer running dedicated software 
that allows preoperative planning and intraoperative execution, and a screen 
(Fig.  14.2a ). The bone-mounted miniature robot is a semi-active system offering 
surgical tool guidance while leaving performance of the actual surgical operation, 
such as drilling, in the surgeon’s hands (Fig.  14.2b ). The concept was fi rst published 
in 2003 and 2004 [ 77 ,  78 ], followed by lab testing [ 79 ,  80 ], and a clinical develop-
mental phase [ 81 ,  82 ].

   The robotic procedure consists of fi ve steps:

    1.    Preoperative planning–DICOM images of a dedicated protocol CT scan are 
imported by the robotic workstation software. This software can be installed on 
a standard laptop or desktop computer and allows for preoperative planning. The 
software creates 2D reconstruction images of each vertebra in the region of inter-
est with planning for virtual implant placement in the optimal position. This is a 
crucial step that allows for detection of abnormal anatomy, absent pedicles, and 
deformity, as well as determination of implant diameters and lengths (Fig.  14.3 ).
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       2.    Platform attachment–One of three platforms is used. The unilateral bed mount 
device or the bilateral multidirectional bed mount device are attached to the sur-
gical frame caudally and to the patients’ anatomy through a K-wire or a mini- 
clamp cranially. The Hover-T Bridge is attached to Steinmann pins drilled into 
the posterior iliac crests and to a K-wire drilled into a spinous process. Both 
platforms are designed for minimally invasive surgery. A clamp may be  connected 
to a spinous process in open procedures after subperiosteal dissection is com-
pleted (Fig.  14.4 ).

a b

  Fig. 14.2    ( a ) A robotic workstation (Renaissance, Mazor Robotics, Caesarea, Israel). The com-
puter runs software allowing preplanning, image acquisition, registration, and control of robot 
execution; a touch screen and a 250 g 6 DF miniature robot. ( b ) The robot is mounted on a clamp, 
which is connected to a posterior fusion mass in a revision surgery (Photo courtesy Dr. I.H. 
Lieberman, Texas Back Institute, Plano TX, USA)       
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       3.    Image acquisition and registration–Targets for image acquisition are con-
nected to the robotic platform, and AP and 60° oblique fl uoroscopic images 
are semi- automatically registered to the preoperative CT images. The surgeon 
must visually verify the accuracy of the registration process before going 
forward.   

a

b

  Fig. 14.3    Preoperative planning allows recognition of patients’ unique anatomy, and allows pre-
operative measurement of implant length and size. ( a ) The summary window allows preoperative 
assessment of implant alignment and the estimated rod length. ( b ) Surgical team at the workstation 
during preoperative planning       
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   4.    Robot assembly and motion–The miniature robot is attached to the mounting 
frame and one of three arms is connected to it, according to the software guid-
ance. It is then instructed to move and lock into position, so that a guiding tube 
at the distal end of its arm is aligned with the planned screw/tool trajectory. The 
guiding tube, with trocar inserted, is then advanced percutaneously or through 
the open wound until contact with the pedicle entry point is felt. The trocar is 
withdrawn and replaced with a working channel. The toothed end of the working 
channel is gently tapped into the bony surface anatomy of the spine.   

   5.    Trajectory execution–Drilling through the working channel along the planned 
trajectory is performed. Following drilling, a fi ducial may be tapped into the 
pedicle in open procedures. In percutaneous procedures, a hollow reduction tube 
is placed through the working channel and advanced into the pedicle and through 
the posterior vertebral wall. A K-wire is then placed into the vertebral body and 
the reduction tube is withdrawn. This procedure is repeated until trajectories are 
drilled and fi ducials or K-wires (KW) are placed at all levels to be treated. 
Instrumentation may then be placed. At this point robotic guidance is complete. 
In minimally invasive procedures, the mounting system may be left attached to 
allow repeat robot guidance in case one of the trajectories is lost.      

    Robotic Systems Under Development 

 In 2010, a Korean group published a cadaver study on an investigational system 
combining a bi-planar fl uoroscopy machine, a computerized workstation, and an 
assistive robot for percutaneous KW and pedicle screw insertion [ 83 ]. The system 
does not use a target device or a reference frame, and therefore does not need a 
secondary procedure to attach these structures to the patient’s anatomy. Two regis-
tration processes are required. The fi rst registration matches the coordinates of the 
robot manipulator and the bi-planar images based on point matching; the second 
registration is between preoperative CT or MRI and intraoperative bi-planar fl uo-
roscopy. The researcher reported a distance of error of 1.38 ± 0.21 mm, 2.45° ± 2.56° 
deviation in the axial plane, and 0.71° ± 1.21° deviation in the sagittal plane when 
comparing post-op CT to planning. The system has not reached clinical usage. 

  Fig. 14.4    Three platforms allow robotic guidance: a clamp ( left ), the Hover T frame ( center ), and 
a bed-mount device ( right ). The latter two are for use in minimally invasive spine surgery, while 
the clamp is used in open procedures       
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 In 2012, a Swiss group published their results on an investigational robotic navi-
gated system developed for cervical applications [ 84 ]. The system consists of a 
compact robot with four degrees of freedom, suspended over the operative fi eld by 
a passive supporting structure. Additional components include an optical tracking 
system, a surgical input device, and a workstation with software for planning and 
navigation. The data set is generated by point-to-point and surface matching of each 
vertebra registered to a preoperative thin-slice CT. The robot is positioned by the 
surgeon over the operative fi eld. After locking the passive supporting structure, the 
robot guides the surgeon to the planned trajectory using guiding tools, and KW is 
drilled and is replaced by a screw. 

 In 2006, a team in a German aerospace center published a trial on a navigation 
system and an impedance-controlled light-weight robot holding a surgical instru-
ment [ 85 ]. The navigation system was used to position pedicle screws in artifi cial 
bone and bovine spine and to compensate for pose errors during machining. The 
robot “fl oats” over the spine, and occupies a signifi cant space (Fig.  14.5 ). The 
authors concluded that milling was more accurate than drilling, that the robot should 
withstand higher milling forces (30 N) than the tested design (15 N), and that the 
accuracy of the tracking system is a critical parameter, as it is used to close the posi-
tion control loop. In the set-up used, tracking accuracy seemed to be a limiting fac-
tor. Additionally, the latency of the tracking system would have been minimized. 
This project did not reach clinical usage in spine surgery. The robot under current 
development by this group is planned for other fi elds of surgery.

  Fig. 14.5    Experimental setup for the placement of pedicle screw with robotic assistance in a pro-
totype robotic system (German Aerospace Centre [DLR e.V.] Institute of Robotics and 
Mechatronics, Wessling, Germany), shown here with a VectorVision navigation system (BrainLab, 
Feldkirchen, Germany) (Used with permission from John Wiley and Sons. Ortmaier et al. [ 85 ])       
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   In 2009, South Korean scientists published an investigational system for fusion 
procedures [ 86 ]. The system consisted of a human-guided robot for the spinal fusion 
surgery with a dexterous end-effector that is capable of high-speed drilling, and is 
position-controlled by a fi ve degrees-of-freedom robot body that has a kinemati-
cally closed structure to withstand strong reaction forces. The robot allows the sur-
geon to control the position and orientation of the end-effector. Incorporated for 
improved safety is a “drill-by-wire” mechanism wherein a screw is tele-drilled by 
the surgeon in a mechanically decoupled master/slave system. The system has hap-
tic properties, imitating the sensation during screw insertion. A tracking system has 
not been yet developed for the system.  

    A Clinically Available Tele-Surgical Robotic System 

 A tele-surgical system (Fig.  14.6 ) has been in clinical use for urological, gyneco-
logical, and surgical procedures for over the last decade [ 87 – 94 ] with an impressive 
penetration into the market in these specialties. This system has been tested for 
spinal applications on a healthy pig. In preliminary studies, laminotomy, laminec-
tomy, excision of disc material, and repair of a dural tear were performed [ 91 ]. The 
authors concluded that with proper robotic tools, the system can be used for poste-
rior spinal procedures. The same system has also been tested in a swine model for 
laparoscopic anterior lumbar interbody fusion (ALIF) using a retroperitoneal 
approach [ 88 ]. The authors reported little retraction of the great vessels and a very 
clear view of the operative fi eld, allowing successful ALIF. In humans, only case 

  Fig. 14.6    Tele-surgical robotic system (da Vinci, Intuitive Surgical, Sunnyvale CA, USA). The 
system has been tested for spine surgery in an animal model and used in cases of soft tissue tumor 
removal in different areas of the spine (Copyright Intuitive Surgical, used with permission)       
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reports were published, including robot-assisted transoral odontoidectomy for 
decompression of the craniocervical junction [ 87 ], resection of paraspinal schwan-
noma [ 93 ], and resection of a thoracolumbar neurofi broma [ 90 ].

        Review of the Literature Regarding Image 
and Robotic Guidance in Spine Surgery 

 Image guidance has been used in spine surgery for about three decades, while 
robotic-guided spine surgery emerged only in the past decade. In addition, several 
companies have developed fl uoroscopy-based 2D and 3D systems, and preoperative 
or intraoperative cbCT based image-guided systems, leading to competition and con-
tinuous improvement in these products, but only one company has developed a com-
mercially available robotic system for spine surgery. Other robotic systems are still 
in the developmental phases or were abandoned. For these reasons, the published 
data regarding IGSS [ 2 ,  11 ,  17 ,  19 ,  21 ,  40 ,  41 ,  52 ,  95 – 127 ] are far more extensive 
than the body of literature regarding robotic-guided spine surgery [ 69 ,  75 ,  87 – 94 ]. 

 In our review of the literature, we have chosen to focus on specifi c questions 
related to the effect of image or robotic guidance on spine surgery:

    1.    Is there a learning curve? How long is it?   
   2.    Do these systems improve the accuracy of implant placement?   
   3.    Do these systems reduce the frequency of nerve damage or damage to other 

important organs?   
   4.    Do these systems reduce radiation exposure to the patient, operating room staff, 

and surgeon?   
   5.    Do these systems lead to superior mechanical properties through improved accu-

racy; if so, does this affect the need for revision surgery?     

    Image-Guided Spine Surgery 

    Learning Curve 

 A learning curve in image-guided spinal surgery has been documented [ 128 – 131 ]. 
In virtual fl uoroscopy, one study suggested that the learning curve extends for 
approximately 6 months, after which guidance resulted in fewer breaches of the 
pedicles and shorter operating time [ 128 ]. Another study documented a decrease in 
the rate of thoracic pedicle cortex perforation from 37.5 % to 4.2 % in new users as 
they gained experience on cadavers practicing 3D point-matching techniques based 
on preoperative CT images [ 129 ]. 

 It is thought that, during the learning curve period, surgeons adopt a new work 
fl ow. They must achieve acceptable registration of the patients’ anatomy to the 
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imaging studies while positioning the infrared camera where it enables consistent 
recognition of the reference arc and navigation tools. The surgeon must become 
accustomed to looking at a computer screen instead of the operative fi eld. In addi-
tion, operative instruments must be held in line with the planned trajectory, without 
tilting them, once the bone trajectory has been set; tilting the tools would create a 
“false-accurate trajectory” on screen and end in deviation [ 52 ].  

    Accuracy 

 How does IGSS compare to non-navigated pedicle screw instrumentation? In the 
growing mass of published data [ 2 ,  11 ,  17 ,  19 ,  21 ,  40 ,  41 ,  52 ,  95 – 127 ], most studies 
point to higher accuracy when using image guidance; only two studies concluded 
that image guidance is not superior to non-navigated instrumentation in spine sur-
gery [ 95 ,  109 ]. 

 The fi rst meta-analysis comparing image-guided pedicle screw placement with 
non-navigated placement was published in 2007 [ 132 ]. The median accuracy of 
screw placement with assistance from navigation was 95.2 % versus a 90.3 % 
median accuracy for screws placed without navigation assistance. In 2010, 
another meta-analysis reported 93.3 % accuracy for the placement of pedicle 
screws with navigation, compared to 84.7 % without. In 2009, another meta-
analysis reported 85.48 % accuracy for screw placement with 2D navigation and 
90.76 % accuracy using 3D navigation [ 31 ]. The same authors published a newer 
meta-analysis in 2011 comparing accuracy using conventional methods of pedi-
cle screw placement to accuracy using three types of image guidance (3D point 
matching, virtual fl uoroscopy, and cbCT) [ 21 ]. They concluded that image guid-
ance resulted in higher accuracy across the board. In comparisons between the 
three image guidance systems, no system was found to be more accurate for in 
vivo (clinical) studies; however, CT-based systems were more accurate in cadaver 
studies. 

 Two meta-analyses were published in 2012 [ 19 ,  133 ]. Gelalis et al. included only 
prospective clinical studies and omitted cadaver studies. The authors were in agree-
ment with the conclusion of previous meta-analyses, and found greater accuracy 
with CT-based navigation compared to virtual fl uoroscopy [ 19 ]. The authors also 
noted that screws inserted freehand tend to breach the pedicle medially, while 
CT-navigated screws tend to breach laterally. According to this meta-analysis, neu-
rological complications were similar in image-guided and non-navigated proce-
dures. The second meta-analysis reported the pooled breach rate to be 6 % in 
image-guided procedures versus 15 % using non-navigated techniques [ 133 ]. 

 Five randomized controlled studies compared image-guided spine surgeries and 
conventional techniques. Four of these studies reported higher accuracy with IGSS 
[ 11 ,  117 ,  134 ,  135 ]. One study comparing 3D cbCT image guidance to conventional 
technique for the placement of thoracic pedicle screws for deformity correction 
reported much higher breach rates with the conventional technique (23 %) when 
compared to 3D cbCT IGSS (2 %) [ 117 ]. A second comparative study reported 
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95.3 % accuracy in procedures performed under 3D cbCT guidance versus 84.1 % 
in those performed freehand [ 135 ]. A third study evaluating 3D cbCT reported 
accurate placement in 95.65 % of the cases operated under guidance with breaches 
under 2 mm in 4.35 % and no breaches over 2 mm. With fl uoroscopy control, accu-
racy fell to 83.33 % overall, with breaches under 2 mm in 13.1 % and over 2 mm in 
3.57 % [ 134 ]. In a study comparing point-matching CT IGSS to non-navigated tech-
nique, the breach rate was 13.4 % using the conventional technique versus 4.6 % 
with CT guidance [ 11 ]. 

 One randomized controlled trial reported no benefi t using a preoperative 
CT-based navigation system compared to a conventional technique [ 136 ].  

    Radiation Exposure 

 Using fl uoroscopy control for pedicle screw instrumentation in open procedures, 
radiation exposure time ranges from 3.4–66 s per screw [ 38 – 42 ,  137 ]. Exposure 
during pedicle screw insertion is 10–12-fold higher than in non-spinal proce-
dures [ 137 ]. 

 During fl uoroscopy-controlled vertebral body augmentation procedures, the 
average fl uoroscopy exposure time per level ranges between 2.9 min ± 23 s [ 138 ] 
and 10.1 min ± 22 s [ 33 ]. 

 In a study measuring radiation exposure to the surgeon performing percutaneous 
one- and two-level transforaminal lumbar interbody fusion (TLIF) under fl uoros-
copy control [ 43 ], the mean exposure time per case was 1.69 min, with 76 mrem 
exposure to the surgeon’s dominant hand. At this rate, the maximal annual occupa-
tional exposure allowance would be reached after 194 procedures. Since pulsed 
fl uoroscopy was used in the study, TLIF cages were inserted without fl uoroscopy 
control and running electromyography (EMG) was also used; thus, one can assume 
that in other set-ups the radiation exposure may be higher. 

 In a cadaver study testing radiation exposure to the surgeon during percutaneous 
screw placement [ 139 ], all screws were within the bone confi nes, with acceptable 
trajectory. Total fl uoroscopy time for placement of ten percutaneous pedicle screws 
was 4 min 56 s (29 s per screw). The protected dosimeter recorded less than the 
reportable dose. The ring dosimeter recorded total radiation exposure of 103 mrem, 
or 10.3 mrem per screw placed. Exposure to the eyes was 2.35 mrem per screw. The 
authors concluded that a surgeon would exceed occupational exposure limit for the 
eyes and extremities with percutaneous placement of 4,854 and 6,396 screws, 
respectively. 

 In cadaver studies [ 38 ,  41 ,  140 ,  141 ], image-guided procedures were associated 
with less radiation exposure to the surgeon when compared with conventional use 
of fl uoroscopy. With the use of navigation systems based on preoperative CT with 
point-matching registration, or iCT-based image guidance, the surgeon is exposed 
to no intraoperative radiation [ 64 ]. In image-guided procedures that require intraop-
erative acquisition of fl uoroscopy images or an intraoperative 3D fl uoroscopy study 
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as well as cbCT, the surgeon’s radiation exposure depends on both the amount of 
radiation used and distance from the radiation source. In these procedures, the oper-
ating room staff can step back behind a leaded wall or stay out of the room during 
periods of active radiation. 

 From the patient’s perspective, preoperative CT-based IGSS is associated with 
higher levels of radiation exposure compared with fl uoroscopy [ 42 ,  142 ]. 
Intraoperative cbCT scan is equivalent to 40 s of fl uoroscopy, or about half of a CT 
scan of the same region-of-interest (ROI) [ 143 ]. A patient undergoing two intraop-
erative cbCT scans, for example, prenavigation for registration and post instrumen-
tation to validate screw position, is thus exposed to a radiation dose that is equivalent 
to a CT scan of the same ROI, or 80 s of fl uoroscopy. This is a similar level of 
exposure to the reported radiation dose during percutaneous fl uoroscopy-controlled 
one- and two level TLIF [ 43 ], and less than the dose associated with one-level 
fl uoroscopy- controlled vertebral body augmentation [ 138 ].  

    Procedure Duration 

 Several studies investigated the effect of image guidance on operative time. Image 
guidance was associated with longer operative time in some studies [ 11 ,  53 ,  115 , 
 136 ,  144 ,  145 ], while surgeries were shorter in others [ 117 ,  131 ,  134 ,  146 ]. 

 Several investigators described a reduction in procedure duration as they moved 
down their learning curve, suggesting that the relationship between use of image 
guidance and operative time depends on how well navigation systems are assimi-
lated in a specifi c hospital. How effective is the setup? Is the infrared camera posi-
tioned properly for undisturbed navigation? How far down the curve have the 
surgeons traveled? And how good is the coordination between X-ray technicians 
and the surgical team?   

    Robotic Guidance in Spine Surgery 

    Accuracy 

 In a cadaver study, 2 experienced spine surgeons inserted pedicle screws to the tho-
racolumbar spine of a cadaver with fl uoroscopy control (control group), while 13 
surgeons instrumented cadaver thoracolumbar spine with robotic guidance (study 
group). A total of 234 pedicle screws were implanted in 12 cadavers. Screw place-
ment accuracy was measured according to the Gertzbein and Robbins classifi cation 
[ 10 ]. Screw placement deviations in the group using the robotic guidance averaged 
1.1 ± 0.4 mm versus 2.6 ± 0.7 mm in the control group. Pedicle wall breaches of 
4 mm or more occurred in 1.5 % of the study group placements versus 5.4 % of 
control group placements [ 147 ]. 
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 In the early clinical phases, robotic guidance performed successfully in 93 % of the 
cases in which it was used, and 96 % of the screws were assessed as accurate [ 76 ]. 

 In a case series of 31 patients undergoing robotic-guided percutaneous posterior 
lumbar interbody fusion (PLIF) with posterior fi xation, 133 pedicle screws were 
placed [ 73 ]. According to the Gertzbein and Robbins scoring system [ 10 ], in the 
axial plane, 91.7 % of the screws were evaluated as group A and 6.8 % were evalu-
ated as group B. In the sagittal plane, 81.2 % of the screws were evaluated as group 
A and 9.8 % were evaluated as group B. One screw was evaluated as group C in the 
axial plane, and one as group D in the longitudinal plane. 

 A retrospective multinational-multicenter study summarized placement of 3,271 
pedicle screws and guide-wires inserted in 635 patients; 49 % were inserted percu-
taneously [ 70 ]. The series included diverse clinical entities, from simple degenera-
tive cases to severe deformities. Accuracy was assessed in 646 pedicle screws 
inserted in 139 patients using postoperative CT scans, and in the remaining patients 
assessment was by intraoperative fl uoroscopy. Clinically acceptable screw place-
ment was recognized in 98 % of the cases. Postoperative CT scans demonstrated 
that 98.3 % of screws (635/646) fell within the safe zone; 89.3 % were completely 
within the pedicle, 9 % had a breach of <2 mm, 1.4 % breached 2–4 mm, and only 
two screws (0.3 %) deviated by more than 4 mm from the pedicle wall. Transient 
neurologic defi cits were observed in four cases, but following revision, no perma-
nent nerve damage was encountered. 

 In a retrospective analysis [ 72 ], patient records and CT scans were analyzed in a 
cohort of 57 conventional open screw placement performed in 2006, 20 open 
robotic-guided placements performed in 2007, and 35 percutaneous robotic-guided 
pedicle screw placements performed in 2008–2010. A total of 94.5 % of robot- 
assisted and 91.4 % of conventionally placed screws were within the pedicle or 
encroaching the cortical pedicle wall. Percutaneous robotic and open robotic-guided 
subgroups did not differ. The revision rate for misplaced screws was 1 % for robotic 
guided surgery and 12.2 % for conventional open surgery. 

 In a retrospective analysis of prospective data in a series of 102 consecutive 
patients undergoing robotic-guided spine surgery [ 71 ], robotic-guided screw place-
ment was executed in 95 patients. The robot was not used as planned in seven patients 
for the following reasons: severe deformity (one patient), very high body mass index 
(one patient), extremely poor bone quality (one patient), registration diffi culty caused 
by previously placed loosened hardware (one patient), diffi culty with platform 
mounting (one patient), and technical issues with the device (two patients). In the 95 
executed cases, 949 screws (87.5 % of 1,085 planned screws) were successfully 
implanted, and 98.9 % of executed screws were in clinically acceptable position. 
Eleven screws (1.0 %) were misplaced (all presumably due to “skiving” of the drill 
bit or trocar off the side of the facet). Ten misplacements were recognized intraopera-
tively and corrected manually; one diagnosed postoperatively resulted in a revision 
surgery for screw removal. In 110 screws (10.1 %), robotic guidance was aborted and 
screws were manually placed, generally due to poor registration and/or technical 
trajectory issues (the trajectory was out of the working volume of the robot). 
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 Only one randomized controlled trial was conducted to compare freehand and 
robotic-guided lumbar and sacral pedicle screw insertion [ 74 ], including 60 patients 
who were randomly allocated into the two groups. A total of 298 screws were 
implanted; 93 % had good positions in the freehand group (Gertzbein and Robbins 
A or B), and 85 % in the robotic-guidance group. Ten robot-guided screw place-
ments required intraoperative conversion to freehand. One misplaced screw that had 
been placed freehand needed surgical revision. 

 The authors felt the bed mount device, which was connected to the operative bed 
on the caudal side and to a spinous process via a KW on the cranial side, was 
unstable, leading to motion and incorrect trajectories, and that “cannula skidding” 
(skiving of the working channel on the side of the facet) led to lateral screw mis-
placement in some cases. 

 The authors of this chapter, who are experienced robotic-guided spine surgeons, 
feel that these misplacements are suggestive of surgeons who are still on a learning 
curve. Skiving (skidding) occurs for one of several reasons: (1) planning on a steep 
slope or on a ridge, leading to loss of entry point; (2) the entry point is not prepared 
or is insuffi ciently prepared (nibbling in open procedures or using a specifi c tool in 
percutaneous procedures), leading to slippage of the guiding tool; or (3) the guiding 
tool is inserted too forcefully or too deep, leading to skiving (Fig.  14.7 ). The authors 
have made all of these errors themselves, and teach others how to avoid them, but 
would not have initiated a randomized controlled trial while at a relatively early 
point on the learning curve.

a b

  Fig. 14.7    There are three main reasons for pedicle screw misplacement in robotic-assisted spine 
surgery: planning errors, an unstable robotic platform, and skiving of the drill bit or trocar off the 
working channel. ( a ) Good surgical technique resulted in a well-placed fi ducial and pedicle screw. 
( b ) In this procedure, the trocar and the guiding tube were pushed too deep, resulting in slippage 
on the lateral border of the facet and lateral misplacement of the fi ducial. This trajectory was cor-
rected manually       
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       Radiation Exposure 

 In a cadaver study comparing robotic-guided (study group) pedicle screws to fl uoroscopy- 
controlled (control group) pedicle screw instrumentation, surgeons’ radiation exposure 
in the study group averaged 4.2 mrem versus 136 mrem in the control group [ 147 ]. In a 
retrospective study comparing robotic-guided to fl uoroscopy-controlled pedicle screws, 
the average fl uoroscopy exposure per screw was 34 s in robotic-guided compared to 
77 s in conventional cases [ 72 ]. In the only randomized controlled trial comparing fl uo-
roscopy control to robotic guidance, intraoperative radiation did not differ between the 
two study groups (1.9 min), while preoperative CT in the robotic guided group added 
411 mGy cm to patient exposure [ 74 ]. Radiation exposure in robotic-guided surgery 
refl ects the confi dence of the surgeon in the system. Exposure levels in the cadaver 
study [ 147 ] refl ect the best scenario each surgeon should strive to reach. 

 Early in the learning curve, every step in robotic-guided procedures is monitored 
under fl uoroscopy; however, as surgeons gain experience and adopt proper surgical 
technique, less radiation is needed. In the authors’ institution, fl uoroscopy images 
are taken for registration, after drilling is performed for all planned trajectories 
(with KW placed in minimally invasive procedures or metal fi ducials placed in the 
drilled pedicles in open procedures), and at the end of the procedure, before closure. 
Fluoroscopy to assess placement during surgery is taken only if the guiding tube is 
felt to skive, before drilling is performed (unpublished data). These measures 
resulted in reduction in fl uoroscopy time in vertebral body augmentation (manu-
script under revision) and in spinal fusion surgery (unpublished data).  

    Procedure Time 

 In a cadaver study comparing fl uoroscopy to robot guidance, 234 pedicle screws 
were implanted in 12 cadavers. Robot guidance resulted in an average procedure 
time of 1.23 h, compared with an average 1.98 h in the control group [ 147 ]. In a 
randomized controlled trial comparing robotic guidance with fl uoroscopy [ 74 ], sur-
gical time for screw placement was shorter with the freehand technique (84 min) 
compared with robotic guidance (95 min), however preparation time in the operat-
ing room and overall OR time were not different for the two groups. 

 The authors of this chapter agree that during the learning curve, screw-related 
procedure time is longer with robot guidance, as reported above in the discussion of 
the learning curve in image-guided procedures; however, in our experience, when 
the procedure is well assimilated in OR routines, the time required for robotic guid-
ance will become comparable to fl uoroscopy guidance in short-segment fi xation 
and will be shorter for long-segment fi xation. This notion is especially true for per-
cutaneous pedicle screws.  

    Tele-Surgical Robotic Systems and Spine Surgery 

 Tele-surgical robotic systems allow the surgeon to directly control the surgical 
instruments held by the robot via a joystick or hand controls. Task execution can be 
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either passive or active. To date, only one tele-surgical robotic system is in clinical 
use. While the system has been used primarily in urology, it has also been used for 
ALIF procedures via the retroperitoneal approach in two porcine models [ 88 ,  94 ]. It 
was also tested on laminotomy, laminectomy, disc incision, and dural suturing pro-
cedures on the thoracolumbar spine of a porcine model [ 91 ]. The authors concluded 
that with the development of appropriate surgical tools, this system may be used 
clinically. A cadaveric study has shown the technical feasibility of trans-oral robotic 
surgery for decompression of the craniocervical junction as well as resection of both 
intra- and extradural tumors of this region [ 89 ]. 

 In humans, case reports were published on robot-assisted transoral odontoidec-
tomy for decompression of the craniocervical junction [ 87 ], on a retroperitoneal 
transdiaphragmatic robotic-assisted laparoscopic resection of a left thoracolumbar 
neurofi broma [ 90 ], thoracoscopical extirpation of paravertebral mediastinal neuro-
genic tumors such as schwannomas [ 92 ], and in the transperitoneal resection of 
paravertebral lumbosacral masses [ 93 ].    

    Practical Considerations When Using Image 
or Robotic Guidance 

 Image-guidance in spine surgery achieved “maturity” with systems based on cbCT 
that allowed intraoperative scanning in the “correct” position and registration of 
several motion segments simultaneously. These systems allow for a check scan 
before leaving the OR. They reduce occupational exposure for the surgeon and OR 
staff but result in signifi cant radiation to the patient. An increasing number of sur-
geons are performing minimally invasive spine surgeries. They are exposed to sig-
nifi cant radiation, and there are reports of early revision surgeries in up to 10 % of 
cases [ 148 ]. In response to these issues, the use of some form of guidance seems 
intuitive. In addition, image or robotic guidance can make a big difference in cases 
of revision surgery with a posterior fusion mass, abnormal anatomy, or spinal defor-
mity. In all of these instances, the energy spent on lamino-foraminotomy or expo-
sure of other relevant anatomical landmarks for successful screw placement can 
now be shifted to other important parts of revision surgery, such as osteotomy or 
decompression of the neural elements. One simple step, using the guidance system 
software for preplanning, upgrades the surgeon’s readiness for the procedure, with 
preoperative exposure to abnormal bony and neural anatomy, enabling appropriate 
planning that avoids attempts at screw placement in locations where they cannot be 
introduced. 

 The decision by a spine surgeon to use image or robotic guidance is not an easy 
step. Several obstacles may have to be overcome:

    1.    The “I do not need it, I can do better than the machine” mindset must be changed. 
In fact, in most cases the machine will do better than the average surgeon in 
terms of accuracy with lower radiation exposure. Acknowledging these facts is 
the fi rst step for a surgeon, before he or she can become interested in looking into 
guidance systems.   
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   2.    There is a learning curve, and it can take some time before a surgeon will benefi t 
from image or robotic guidance. Two-dimensional fl uoroscopy image-guidance 
systems are the most intuitive for spine surgeons. More sophisticated systems 
will require a longer learning curve; however, after achieving good understand-
ing of the system and the surgical steps, the position of the implants will repeat 
itself case after case, with very few outliers. Many surgeons lose their patience 
during the learning curve and stop using the system. It takes motivation and dis-
cipline to stay focused on the long-term objective.   

   3.    These systems are expensive and cannot be purchased by every spine surgeon 
around the world. In the future, their prices will fall as a result of mass production, 
competition, and device simplifi cation. For now, it is important to work with hos-
pital administration and convey the benefi ts of guidance for both patients and staff.   

   4.    These systems are cumbersome, they require signifi cant space in the OR, and 
require trained OR staff to operate them. With most navigation systems, cables 
run between the sterile area and the navigation system, and the surgeon and the 
OR staff must keep an open “line of sight” between the infrared camera, the 
reference arc, and the navigation tools. This requires an appropriate OR set-up. 
In the future, wireless systems may be available, a line of sight will not be 
needed, the system will be operated by the surgeon or will run automatically, and 
systems will become smaller, reducing their footprint in the OR.     

 Surgeon who choose to use image guidance must remember one simple fact: 
their eyes are centered on a screen showing virtual anatomy and virtual tools. 
Navigation errors may occur as a result of:

    1.    Scanning errors   
   2.    Poor registration between the scan and the patient’s anatomy   
   3.    Motion of the relevant anatomy in relation to the reference arc following 

registration   
   4.    Too great a distance between the reference arc and the relevant anatomy   
   5.    Shift or instability in the reference arc   
   6.    Suboptimal angle of view of the reference arc by the infrared camera   
   7.    Tilted or misshapen tools that create a false trajectory on the screen     

 Current systems require some form of imaging that involves ionizing radiation. 
Future systems may be based on registration between preoperative MRI and intra-
operative ultrasound, or on EM point-matching to preoperative MRI studies, which 
would save both the surgeon and the patient from the dangers of ionizing radiation; 
however, these ideals will not be achieved in the short term. 

 A surgeon who chooses to use robotic guidance must also remember several 
simple rules:

    1.    The platform must not move. No matter whether it is a clamp, Hover T, or a 
unilateral or bidirectional bed-mount device, the surgeon must make certain to 
create a stable platform before beginning the procedure.   

   2.    AP and 60° oblique fl uoroscopy images must be taken with the target seen 
clearly at the center of the fi eld. The patient must be still during this step. If the 
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frame or bed may prevent the patient from remaining motionless, leading to 
motion during respiration, fl uoroscopy images should be taken while respiration 
has been temporarily stopped by the anesthesiologist.   

   3.    The semi-automatic registration should be visually verifi ed by the surgeon. In 
case any shift is noted between preop CT and intraoperative fl uoroscopy images, 
the surgeon should verify that the platform is stable and repeat the fl uoroscopy 
study until registration is suffi cient for robotic guidance.   

   4.    Ensure that the robot is connected to the right station, and maintain constant and 
clear communication with the person operating the workstation. Connect the 
correct arm to the robot, again keeping clear communication with the trajectory 
plan on the workstation screen. Choose guiding tools and drill of the correct 
length.   

   5.    Keep the skin incision in line with the point of the trocar. Keeping the trajectory 
line, cut the fascia. Push the trocar and guiding tube gently through muscle until 
reaching the pedicle entry point, but do not push the guiding tools too deep. Keep 
the outer tube fl oating over the anatomy, thus avoiding skiving (Fig.  14.7 ). 
Remove the trocar and tap the toothed working channel to the entry point. This 
step will have a learning curve, and skiving or slipping on sharp, bony ridges will 
be identifi ed by the surgeon only after these occur several times. In open surgery, 
the surgeon must make sure no pressure is applied on the guiding tools by the 
paravertebral muscles since this may lead to skiving and screw misplacement.   

   6.    Drill in and out, full speed ahead, holding the tip of the working channel to pre-
vent dislodgement.   

   7.    Leave a marker or a KW in each drilled trajectory and move on to the next 
 trajectory. Make sure no force is applied on the robotic arm when disconnecting 
it, as this may lead to platform motion, especially if a unilateral bed-mount 
device is used.     

 Surgeons using robotic guidance should keep in mind an important difference 
from image guidance. During surgeries performed under image guidance, the surgeon 
has a sense of “where am I going” from following the virtual trajectory on the screen; 
however, with robotic guidance there is no control mechanism to alert the surgeon 
when an incorrect trajectory is drilled. The authors of this chapter consider this the 
weakest link of the currently available robotic guidance systems, and suggest that 
efforts should be made to develop a feedback mechanism that will identify any devia-
tion from the planned entry point. With the current system, the entry point should be 
prepared by a designated tool using a percutaneous approach and by nibbling bone or 
burring it down in open surgery to create a comfortable “landing area” for the toothed 
working channel. Moreover, it is of great importance to understand the 3D anatomy 
of this landing area on the planning software, and to avoid areas with high risk for 
skiving and slipping. Surgeons in the beginning of their learning curve should be 
controlling their steps with check fl uoroscopy. Later on, when the surgeon has devel-
oped the ability to sense skiving and slipping, less fl uoroscopy will be required. 

 Robotic guidance is currently based on a preoperative CT scans. The protocol 
initially dictated by the company demands thin slices and high energy to allow 
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registration of the CT image to intraoperative fl uoroscopy. The radiation dose to 
the patient from CT scans obtained with this protocol is high, and this has led to 
an ongoing dialogue between the authors of this chapter and the company. This led 
to two modifi cations in the recommended protocol of the preoperative CT. The 
modifi ed protocol reduced the radiation dose to the patient down to 25 % of the 
original protocol, a level that is close to a normal CT scan of the relevant area of 
the spine. 

 Dedicated tele-surgical systems with haptics will be a big breakthrough, allow-
ing spine surgeons to enjoy the proven benefi ts of this technology [ 91 ]. These ben-
efi ts include better ergonomics and less fatigue, allowing more procedures per day; 
compensation for the challenges posed by hand tremor, loss of fi nger grip power, 
and visual deterioration in older surgeons; and excellent enlarged 3D visualization 
of the surgical fi eld. Procedures performed with tele-surgical systems may fre-
quently be less invasive, require less retraction of delicate anatomy, result in less 
blood loss, lead to less damage to soft tissue surrounding the spine, and a lower 
tendency to tear the dura while maintaining the feel of the surgical fi eld. 

 Combining tele-surgical systems with image- and/or robotic guidance will allow 
the surgeon to perform robotic decompression and spinal instrumentation with 
guidance, and may assist in complicated tasks such as osteotomy and correction of 
alignment.  

    Conclusions 

 Image guidance systems for spine surgery have greatly advanced. They cover the 
cervical-to-sacral spine, front and back. They increase accuracy, and reduce radia-
tion exposure for surgeons and operating room staff. Future systems are expected to 
improve visualization of outlying anatomy, decrease registration errors, and incor-
porate imaging techniques that are not dependent on ionizing radiation. 

 Robotic guidance for spine surgery is in its infancy, with many systems at different 
stages of development. The robotic system that is currently on the market has proven 
to be accurate and to reduce radiation exposure in the hands of trained surgeons who 
have advanced down a steep learning curve. This system lacks a mechanism to alert 
the surgeon and correct skiving and slipping from the correct entry point. 

 The future of tele-surgical systems used in combination with some form of guid-
ance and haptic capabilities is exciting, and will take spine surgeons far beyond the 
current state-of-the-art.     

  Acknowledgment   The authors wish to thank Shifra Fraifeld, Research Associate and Senior 
Medical Writer at the Hadassah-Hebrew University Medical Center, for her editorial contribution 
to the preparation of this manuscript. 

  Disclosures  The Spine Surgery Unit of the Hadassah-Hebrew University Medical Center is a beta 
site for MazorRobotics Ltd. Dr. Kaplan and Dr. Barzilay are paid consultants for MazorRobotics, 
and Prof. Liebergal, Dr. Kaplan, and Dr. Barzilay hold options in the company. The authors have 
no other disclosures that are relevant to this work.  

Y. Barzilay et al.



303

   References 

    1.    Weinstein JN, Lurie JD, Olson PR, Bronner KK, Fisher ES. United States’ trends and regional 
variations in lumbar spine surgery: 1992–2003. Spine (Phila Pa 1976). 2006;31(23):2707–14.  

        2.    Amiot LP, Lang K, Putzier M, Zippel H, Labelle H. Comparative results between conven-
tional and computer-assisted pedicle screw installation in the thoracic, lumbar, and sacral 
spine. Spine (Phila Pa 1976). 2000;25(5):606–14.  

   3.    Belmont Jr PJ, Klemme WR, Dhawan A, Polly Jr DW. In vivo accuracy of thoracic pedicle 
screws. Spine (Phila Pa 1976). 2001;26(21):2340–6.  

   4.    Belmont Jr PJ, Klemme WR, Robinson M, Polly Jr DW. Accuracy of thoracic pedicle screws 
in patients with and without coronal plane spinal deformities. Spine (Phila Pa 1976). 
2002;27(14):1558–66.  

   5.    Boachie-Adjei O, Girardi FP, Bansal M, Rawlins BA. Safety and effi cacy of pedicle screw 
placement for adult spinal deformity with a pedicle-probing conventional anatomic tech-
nique. J Spinal Disord. 2000;13(6):496–500.  

   6.    Carbone JJ, Tortolani PJ, Quartararo LG. Fluoroscopically assisted pedicle screw fi xation for 
thoracic and thoracolumbar injuries: technique and short-term complications. Spine (Phila Pa 
1976). 2003;28(1):91–7.  

   7.    Castro WH, Halm H, Jerosch J, Malms J, Steinbeck J, Blasius S. Accuracy of pedicle screw 
placement in lumbar vertebrae. Spine (Phila Pa 1976). 1996;21(11):1320–4.  

   8.    Esses SI, Sachs BL, Dreyzin V. Complications associated with the technique of pedicle screw 
fi xation. A selected survey of ABS members. Spine (Phila Pa 1976). 1993;18(15):2231–8; 
discussion 8–9.  

   9.    Farber GL, Place HM, Mazur RA, Jones DE, Damiano TR. Accuracy of pedicle screw place-
ment in lumbar fusions by plain radiographs and computed tomography. Spine (Phila Pa 
1976). 1995;20(13):1494–9.  

     10.    Gertzbein SD, Robbins SE. Accuracy of pedicular screw placement in vivo. Spine (Phila Pa 
1976). 1990;15(1):11–4.  

        11.    Laine T, Lund T, Ylikoski M, Lohikoski J, Schlenzka D. Accuracy of pedicle screw insertion 
with and without computer assistance: a randomised controlled clinical study in 100 consecu-
tive patients. Eur Spine J. 2000;9(3):235–40.  

   12.    Laine T, Makitalo K, Schlenzka D, Tallroth K, Poussa M, Alho A. Accuracy of pedicle screw 
insertion: a prospective CT study in 30 low back patients. Eur Spine J. 1997;6(6):402–5.  

   13.    Liljenqvist UR, Halm HF, Link TM. Pedicle screw instrumentation of the thoracic spine in 
idiopathic scoliosis. Spine (Phila Pa 1976). 1997;22(19):2239–45.  

   14.    Lonstein JE, Denis F, Perra JH, Pinto MR, Smith MD, Winter RB. Complications associated 
with pedicle screws. J Bone Joint Surg Am. 1999;81(11):1519–28.  

   15.    Odgers CJ, Vaccaro AR, Pollack ME, Cotler JM. Accuracy of pedicle screw placement with 
the assistance of lateral plain radiography. J Spinal Disord. 1996;9(4):334–8.  

      16.    Schulze CJ, Munzinger E, Weber U. Clinical relevance of accuracy of pedicle screw place-
ment. A computed tomographic-supported analysis. Spine (Phila Pa 1976). 1998;23(20):2215–
20; discussion 20–1.  

      17.    Ludwig SC, Kramer DL, Balderston RA, Vaccaro AR, Foley KF, Albert TJ. Placement of 
pedicle screws in the human cadaveric cervical spine: comparative accuracy of three tech-
niques. Spine (Phila Pa 1976). 2000;25(13):1655–67.  

    18.    Yoshimoto H, Sato S, Hyakumachi T, Yanagibashi Y, Masuda T. Spinal reconstruction using 
a cervical pedicle screw system. Clin Orthop Relat Res. 2005;431:111–9.  

        19.    Gelalis ID, Paschos NK, Pakos EE, Politis AN, Arnaoutoglou CM, Karageorgos AC, et al. 
Accuracy of pedicle screw placement: a systematic review of prospective in vivo studies 
comparing free hand, fl uoroscopy guidance and navigation techniques. Eur Spine J. 2012;
21(2):247–55.  

   20.    Suk SI, Lee CK, Kim WJ, Chung YJ, Park YB. Segmental pedicle screw fi xation in the treat-
ment of thoracic idiopathic scoliosis. Spine (Phila Pa 1976). 1995;20(12):1399–405.  

14 Image and Robotic Guidance in Spine Surgery



304

      21.    Tian NF, Huang QS, Zhou P, Zhou Y, Wu RK, Lou Y, et al. Pedicle screw insertion accuracy 
with different assisted methods: a systematic review and meta-analysis of comparative stud-
ies. Eur Spine J. 2011;20(6):846–59.  

   22.    Vaccaro AR, Rizzolo SJ, Allardyce TJ, Ramsey M, Salvo J, Balderston RA, et al. Placement 
of pedicle screws in the thoracic spine. Part I: morphometric analysis of the thoracic verte-
brae. J Bone Joint Surg Am. 1995;77(8):1193–9.  

   23.    Vaccaro AR, Rizzolo SJ, Balderston RA, Allardyce TJ, Garfi n SR, Dolinskas C, et al. 
Placement of pedicle screws in the thoracic spine. Part II: an anatomical and radiographic 
assessment. J Bone Joint Surg Am. 1995;77(8):1200–6.  

   24.    Weinstein JN, Spratt KF, Spengler D, Brick C, Reid S. Spinal pedicle fi xation: reliability and 
validity of roentgenogram-based assessment and surgical factors on successful screw place-
ment. Spine (Phila Pa 1976). 1988;13(9):1012–8.  

   25.    Xu R, Ebraheim NA, Ou Y, Yeasting RA. Anatomic considerations of pedicle screw place-
ment in the thoracic spine. Roy-Camille technique versus open-lamina technique. Spine 
(Phila Pa 1976). 1998;23(9):1065–8.  

   26.    Schwarzenbach O, Berlemann U, Jost B, Visarius H, Arm E, Langlotz F, et al. Accuracy of 
computer-assisted pedicle screw placement. An in vivo computed tomography analysis. 
Spine (Phila Pa 1976). 1997;22(4):452–8.  

    27.    Welch WC, Subach BR, Pollack IF, Jacobs GB. Frameless stereotactic guidance for surgery 
of the upper cervical spine. Neurosurgery. 1997;40(5):958–63; discussion 63–4.  

     28.    Boos N, Webb JK. Pedicle screw fi xation in spinal disorders: a European view. Eur Spine J. 
1997;6(1):2–18.  

    29.    Kakkos SK, Shepard AD. Delayed presentation of aortic injury by pedicle screws: report of 
two cases and review of the literature. J Vasc Surg. 2008;47(5):1074–82.  

    30.    O’Brien JR, Krushinski E, Zarro CM, Sciadini M, Gelb D, Ludwig S. Esophageal injury from 
thoracic pedicle screw placement in a polytrauma patient: a case report and literature review. 
J Orthop Trauma. 2006;20(6):431–4.  

     31.    Tian NF, Xu HZ. Image-guided pedicle screw insertion accuracy: a meta-analysis. Int Orthop. 
2009;33(4):895–903.  

    32.    Patel AA, Whang PG, Vaccaro AR. Overview of computer-assisted image-guided surgery of 
the spine. Semin Spin Surg. 2008;20:186–94.  

      33.    Perisinakis K, Damilakis J, Theocharopoulos N, Papadokostakis G, Hadjipavlou A, 
Gourtsoyiannis N. Patient exposure and associated radiation risks from fl uoroscopically 
guided vertebroplasty or kyphoplasty. Radiology. 2004;232(3):701–7.  

     34.    Chou LB, Cox CA, Tung JJ, Harris AH, Brooks-Terrell D, Sieh W. Prevalence of cancer in 
female orthopaedic surgeons in the United States. J Bone Joint Surg Am. 2010;92(1):
240–4.  

     35.    Mastrangelo G, Fedeli U, Fadda E, Giovanazzi A, Scoizzato L, Saia B. Increased cancer risk 
among surgeons in an orthopaedic hospital. Occup Med (Lond). 2005;55(6):498–500.  

    36.    de Berrington Gonzalez A, Mahesh M, Kim KP, Bhargavan M, Lewis R, Mettler F, et al. 
Projected cancer risks from computed tomographic scans performed in the United States in 
2007. Arch Intern Med. 2009;169(22):2071–7.  

    37.   FDA X-Ray record card. Guidelines. Initiative to reduce unnecessary radiation exposure 
from medical imaging. 2010. Available from:   http://www.fda.gov/downloads/Radiation-
EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf    . Accessed 
23 Jan 2013.  

      38.    Linhardt O, Perlick L, Luring C, Stern U, Plitz W, Grifka J. Extracorporeal single dose and 
radiographic dosage in image-controlled and fl uoroscopic navigated pedicle screw implanta-
tion. Z Orthop Ihre Grenzgeb. 2005;143(2):175–9.  

   39.    Perisinakis K, Theocharopoulos N, Damilakis J, Katonis P, Papadokostakis G, Hadjipavlou 
A, et al. Estimation of patient dose and associated radiogenic risks from fl uoroscopically 
guided pedicle screw insertion. Spine (Phila Pa 1976). 2004;29(14):1555–60.  

Y. Barzilay et al.

http://www.fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf
http://www.fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf


305

      40.    Sagi HC, Manos R, Benz R, Ordway NR, Connolly PJ. Electromagnetic fi eld-based image- 
guided spine surgery part one: results of a cadaveric study evaluating lumbar pedicle screw 
placement. Spine (Phila Pa 1976). 2003;28(17):2013–8.  

       41.    Sagi HC, Manos R, Park SC, Von Jako R, Ordway NR, Connolly PJ. Electromagnetic fi eld- 
based image-guided spine surgery part two: results of a cadaveric study evaluating thoracic 
pedicle screw placement. Spine (Phila Pa 1976). 2003;28(17):E351–4.  

      42.    Slomczykowski M, Roberto M, Schneeberger P, Ozdoba C, Vock P. Radiation dose for pedi-
cle screw insertion. Fluoroscopic method versus computer-assisted surgery. Spine (Phila Pa 
1976). 1999;24(10):975–82; discussion 83.  

      43.    Bindal RK, Glaze S, Ognoskie M, Tunner V, Malone R, Ghosh S. Surgeon and patient radia-
tion exposure in minimally invasive transforaminal lumbar interbody fusion. J Neurosurg 
Spine. 2008;9(6):570–3.  

   44.    Harstall R, Heini PF, Mini RL, Orler R. Radiation exposure to the surgeon during fl uoro-
scopically assisted percutaneous vertebroplasty: a prospective study. Spine (Phila Pa 1976). 
2005;30(16):1893–8.  

    45.    Singer G. Occupational radiation exposure to the surgeon. J Am Acad Orthop Surg. 2005;
13(1):69–76.  

    46.    George DC, Krag MH, Johnson CC, Van Hal ME, Haugh LD, Grobler LJ. Hole preparation 
techniques for transpedicle screws. Effect on pull-out strength from human cadaveric verte-
brae. Spine (Phila Pa 1976). 1991;16(2):181–4.  

    47.    Brasiliense LB, Theodore N, Lazaro BC, Sayed ZA, Deniz FE, Sonntag VK, et al. Quantitative 
analysis of misplaced pedicle screws in the thoracic spine: how much pullout strength is lost? 
Presented at the 2009 joint spine section meeting. J Neurosurg Spine. 2010;12(5):503–8.  

    48.    Holly LT, Foley KT. Image guidance in spine surgery. Orthop Clin North Am. 2007;38(3):451–
61; abstract viii.  

    49.    Quinones-Hinojosa A, Robert Kolen E, Jun P, Rosenberg WS, Weinstein PR. Accuracy over 
space and time of computer-assisted fl uoroscopic navigation in the lumbar spine in vivo. J 
Spinal Disord Tech. 2006;19(2):109–13.  

    50.    Fitzpatrick JM, West JB, Maurer Jr CR. Predicting error in rigid-body point-based registra-
tion. IEEE Trans Med Imaging. 1998;17(5):694–702.  

     51.    Holly LT, Bloch O, Johnson JP. Evaluation of registration techniques for spinal image guid-
ance. J Neurosurg Spine. 2006;4(4):323–8.  

       52.    Nottmeier EW. A review of image-guided spinal surgery. J Neurosurg Sci. 2012;56(1):35–47.  
     53.    Lee TC, Yang LC, Liliang PC, Su TM, Rau CS, Chen HJ. Single versus separate registration 

for computer-assisted lumbar pedicle screw placement. Spine (Phila Pa 1976). 2004;29(14):
1585–9.  

   54.    Nottmeier EW, Crosby TL. Timing of paired points and surface matching registration in three-
dimensional (3D) image-guided spinal surgery. J Spinal Disord Tech. 2007;20(4):268–70.  

    55.    Peterson MD, Nelson LM, McManus AC, Jackson RP. The effect of operative position on 
lumbar lordosis. A radiographic study of patients under anesthesia in the prone and 90–90 
positions. Spine (Phila Pa 1976). 1995;20(12):1419–24.  

    56.    Deen HG, Nottmeier EW. Balloon kyphoplasty for treatment of sacral insuffi ciency fractures. 
Report of three cases. Neurosurg Focus. 2005;18(3):e7.  

   57.    Florensa R, Munoz J, Cardiel I, Bescos A, Tardaguila M, Plans G, et al. Posterior spinal 
instrumentation image guided and assisted by neuronavigation. Experience in 120 cases. 
Neurocirugia (Astur). 2011;22(3):224–34.  

    58.    Sakai Y, Matsuyama Y, Yoshihara H, Nakamura H, Nakashima S, Ishiguro N. Simultaneous 
registration with ct-fl uoro matching for spinal navigation surgery. A case report. Nagoya J 
Med Sci. 2006;68(1–2):45–52.  

    59.    von Jako R, Finn MA, Yonemura KS, Araghi A, Khoo LT, Carrino JA, et al. Minimally inva-
sive percutaneous transpedicular screw fi xation: increased accuracy and reduced radiation 
exposure by means of a novel electromagnetic navigation system. Acta Neurochir (Wien). 
2011;153(3):589–96.  

14 Image and Robotic Guidance in Spine Surgery



306

    60.    von Jako RA, Carrino JA, Yonemura KS, Noda GA, Zhue W, Blaskiewicz D, et al. 
Electromagnetic navigation for percutaneous guide-wire insertion: accuracy and effi -
ciency compared to conventional fl uoroscopic guidance. Neuroimage. 2009;47 Suppl 2:
T127–32.  

    61.    Penzkofer T, Isfort P, Bruners P, Wiemann C, Kyriakou Y, Kalender WA, et al. Robot arm 
based fl at panel CT-guided electromagnetic tracked spine interventions: phantom and animal 
model experiments. Eur Radiol. 2010;20(11):2656–62.  

     62.    Cui G, Wang Y, Kao TH, Zhang Y, Liu Z, Liu B, et al. Application of intraoperative computed 
tomography with or without navigation system in surgical correction of spinal deformity: a 
preliminary result of 59 consecutive human cases. Spine (Phila Pa 1976). 
2012;37(10):891–900.  

   63.    Nottmeier EW, Crosby T. Timing of vertebral registration in three-dimensional, fl uoroscopy- 
based, image-guided spinal surgery. J Spinal Disord Tech. 2009;22(5):358–60.  

    64.    Scheufl er KM, Cyron D, Dohmen H, Eckardt A. Less invasive surgical correction of adult 
degenerative scoliosis, part I: technique and radiographic results. Neurosurgery. 2010;
67(3):696–710.  

    65.    Scheufl er KM, Cyron D, Dohmen H, Eckardt A. Less invasive surgical correction of adult 
degenerative scoliosis. Part II: complications and clinical outcome. Neurosurgery. 
2010;67(6):1609–21; discussion 21.  

    66.    Taylor RH, Stoianovici D. Medical robotics in computer-integrated surgery. IEEE Trans 
Robot Automat. 2003;19(5):765–81.  

    67.   Barzilay Y, Kaplan L, Liebergall M. Miniature robotic guidance for spine surgery. In: Bozociv 
V, editor. Medical robotics. Available online:   http://www.intechopen.com/books/medical_
robotics/miniature_robotic_guidance_for_spine_surgery    . Accessed 8 Jan 2013. InTech 
Open: Rijeka; 2008.  

    68.    Nathoo N, Cavusoglu MC, Vogelbaum MA, Barnett GH. In touch with robotics: neurosur-
gery for the future. Neurosurgery. 2005;56(3):421–33; discussion −33.  

     69.    Bertelsen A, Melo J, Sánchez E, Borro D. A review of surgical robots for spinal interventions. 
Int J Med Robot. 2012;1(2):18–34.  

     70.    Devito DP, Kaplan L, Dietl R, Pfeiffer M, Horne D, Silberstein B, et al. Clinical acceptance 
and accuracy assessment of spinal implants guided with SpineAssist surgical robot: retro-
spective study. Spine (Phila Pa 1976). 2010;35(24):2109–15.  

    71.    Hu X, Ohnmeiss DD, Lieberman IH. Robotic-assisted pedicle screw placement: lessons 
learned from the fi rst 102 patients. Eur Spine J. 2013;22:661–6.  

     72.    Kantelhardt SR, Martinez R, Baerwinkel S, Burger R, Giese A, Rohde V. Perioperative course 
and accuracy of screw positioning in conventional, open robotic-guided and percutaneous 
robotic-guided, pedicle screw placement. Eur Spine J. 2011;20(6):860–8.  

    73.    Pechlivanis I, Kiriyanthan G, Engelhardt M, Scholz M, Lucke S, Harders A, et al. Percutaneous 
placement of pedicle screws in the lumbar spine using a bone mounted miniature robotic 
system: fi rst experiences and accuracy of screw placement. Spine (Phila Pa 1976). 
2009;34(4):392–8.  

      74.    Ringel F, Stüer C, Reinke A, Preuss A, Behr M, Auer F, et al. Accuracy of robot-assisted 
placement of lumbar and sacral pedicle screws: a prospective randomized comparison to 
conventional freehand screw implantation. Spine (Phila Pa 1976). 2012;37(8):E496–501.  

    75.    Roser F, Tatagiba M, Maier G. Spinal robotics: current applications and future perspectives. 
Neurosurgery. 2013;72 Suppl 1:A12–8.  

     76.    Sukovich W, Brink-Danan S, Hardenbrook M. Miniature robotic guidance for pedicle screw 
placement in posterior spinal fusion: early clinical experience with the SpineAssist. Int J Med 
Robot. 2006;2(2):114–22.  

    77.    Shoham M, Burman J, Zehavi E, Joskowicz L, Batkilin E, Kunicher Y. Bone-mounted minia-
ture robot for surgical procedures: concept and clinical applications. IEEE Trans Robot 
Automat. 2003;19(5):893–901.  

    78.    Wolf A, Shoham M, Michael S, Moshe R. Feasibility study of a mini, bone-attached, robotic 
system for spinal operations: analysis and experiments. Spine (Phila Pa 1976). 
2004;29(2):220–8.  

Y. Barzilay et al.

http://www.intechopen.com/books/medical_robotics/miniature_robotic_guidance_for_spine_surgery
http://www.intechopen.com/books/medical_robotics/miniature_robotic_guidance_for_spine_surgery


307

    79.    Lieberman IH, Togawa D, Kayanja MM, Reinhardt MK, Friedlander A, Knoller N, et al. 
Bone-mounted miniature robotic guidance for pedicle screw and translaminar facet screw 
placement: part I – technical development and a test case result. Neurosurgery. 2006;59(3):
641–50; discussion −50.  

    80.    Togawa D, Kayanja MM, Reinhardt MK, Shoham M, Balter A, Friedlander A, et al. Bone- 
mounted miniature robotic guidance for pedicle screw and translaminar facet screw place-
ment: part 2 – evaluation of system accuracy. Neurosurgery. 2007;60(2 Suppl 1):ONS129–39; 
discussion ONS39.  

    81.    Barzilay Y, Liebergall M, Fridlander A, Knoller N. Miniature robotic guidance for spine sur-
gery – introduction of a novel system and analysis of challenges encountered during the clini-
cal development phase at two spine centres. Int J Med Robot. 2006;2(2):146–53.  

    82.    Shoham M, Lieberman IH, Benzel EC, Togawa D, Zehavi E, Zilberstein B, et al. Robotic 
assisted spinal surgery – from concept to clinical practice. Comput Aided Surg. 
2007;12(2):105–15.  

    83.    Kim S, Chung J, Yi BJ, Kim YS. An assistive image-guided surgical robot system using 
O-arm fl uoroscopy for pedicle screw insertion: preliminary and cadaveric study. Neurosurgery. 
2010;67(6):1757–67; discussion 67.  

    84.    Kostrzewski S, Duff JM, Baur C, Olszewski M. Robotic system for cervical spine surgery. Int 
J Med Robot. 2012;8(2):184–90.  

     85.    Ortmaier T, Weiss H, Dobele S, Schreiber U. Experiments on robot-assisted navigated 
 drilling and milling of bones for pedicle screw placement. Int J Med Robot. 
2006;2(4):350–63.  

    86.    Lee J, Hwang I, Kim K, Choi S, Chung WK, Kim YS. Cooperative robotic assistant with 
drill-by-wire end-effector for spinal fusion surgery. Ind Robot: Int J. 2009;36(1):60–72.  

       87.    Lee JY, Lega B, Bhowmick D, Newman JG, O’Malley Jr BW, Weinstein GS, et al. Da Vinci 
robot-assisted transoral odontoidectomy for basilar invagination. ORL J Otorhinolaryngol 
Relat Spec. 2010;72(2):91–5.  

     88.    Kim MJ, Ha Y, Yang MS, Yoon do H, Kim KN, Kim H, et al. Robot-assisted anterior lumbar 
interbody fusion (ALIF) using retroperitoneal approach. Acta Neurochir (Wien). 
2010;152(4):675–9.  

    89.    Lee JY, O’Malley BW, Newman JG, Weinstein GS, Lega B, Diaz J, et al. Transoral robotic 
surgery of craniocervical junction and atlantoaxial spine: a cadaveric study. J Neurosurg 
Spine. 2010;12(1):13–8.  

     90.    Moskowitz RM, Young JL, Box GN, Pare LS, Clayman RV. Retroperitoneal transdiaphrag-
matic robotic-assisted laparoscopic resection of a left thoracolumbar neurofi broma. JSLS. 
2009;13(1):64–8.  

      91.    Ponnusamy K, Chewning S, Mohr C. Robotic approaches to the posterior spine. Spine (Phila 
Pa 1976). 2009;34(19):2104–9.  

    92.    Ruurda JP, Hanlo PW, Hennipman A, Broeders IA. Robot-assisted thoracoscopic resection of 
a benign mediastinal neurogenic tumor: technical note. Neurosurgery. 2003;52(2):462–4; 
discussion 4.  

     93.    Yang MS, Kim KN, Yoon do H, Pennant W, Ha Y. Robot-assisted resection of paraspinal 
schwannoma. J Korean Med Sci. 2011;26(1):150–3.  

      94.    Yang MS, Yoon do H, Kim KN, Kim H, Yang JW, Yi S. Robot-assisted anterior lumbar inter-
body fusion in a swine model in vivo test of the da Vinci surgical-assisted spinal surgery 
system. Spine (Phila Pa 1976). 2011;36(2):E139–43.  

      95.    Arand M, Hartwig E, Hebold D, Kinzl L, Gebhard F. Precision analysis of navigation-assisted 
implanted thoracic and lumbar pedicled screws. A prospective clinical study. Unfallchirurg. 
2001;104(11):1076–81.  

   96.    Arand M, Schempf M, Fleiter T, Kinzl L, Gebhard F. Qualitative and quantitative accuracy of 
CAOS in a standardized in vitro spine model. Clin Orthop Relat Res. 2006;450:118–28.  

   97.    Assaker R, Reyns N, Vinchon M, Demondion X, Louis E. Transpedicular screw placement: 
image-guided versus lateral-view fl uoroscopy: in vitro simulation. Spine (Phila Pa 1976). 
2001;26(19):2160–4.  

14 Image and Robotic Guidance in Spine Surgery



308

   98.    Austin MS, Vaccaro AR, Brislin B, Nachwalter R, Hilibrand AS, Albert TJ. Image-guided 
spine surgery: a cadaver study comparing conventional open laminoforaminotomy and two 
image-guided techniques for pedicle screw placement in posterolateral fusion and nonfusion 
models. Spine (Phila Pa 1976). 2002;27(22):2503–8.  

   99.    Choi WW, Green BA, Levi AD. Computer-assisted fl uoroscopic targeting system for pedicle 
screw insertion. Neurosurgery. 2000;47(4):872–8.  

   100.    Fu TS, Wong CB, Tsai TT, Liang YC, Chen LH, Chen WJ. Pedicle screw insertion: computed 
tomography versus fl uoroscopic image guidance. Int Orthop. 2008;32(4):517–21.  

   101.    Gruetzner P, Waelti H, Vock B, Axel H, Nolte LP, Wentzensen A. Navitation using fl uoro-CT 
technology: concept and clinical experience in a new method for intraoperative navigation. 
Eur J Trauma. 2004;30(3):161–70.  

   102.    Hart RA, Hansen BL, Shea M, Hsu F, Anderson GJ. Pedicle screw placement in the thoracic 
spine: a comparison of image-guided and manual techniques in cadavers. Spine (Phila Pa 
1976). 2005;30(12):E326–31.  

   103.    Ito H, Neo M, Yoshida M, Fujibayashi S, Yoshitomi H, Nakamura T. Effi cacy of computer- 
assisted pedicle screw insertion for cervical instability in RA patients. Rheumatol Int. 
2007;27(6):567–74.  

   104.    John PS, James C, Antony J, Tessamma T, Ananda R, Dinesh K. A novel computer-assisted 
technique for pedicle screw insertion. Int J Med Robot. 2007;3:59–63.  

   105.    Kotani Y, Abumi K, Ito M, Takahata M, Sudo H, Ohshima S, et al. Accuracy analysis of 
pedicle screw placement in posterior scoliosis surgery: comparison between conventional 
fl uoroscopic and computer-assisted technique. Spine (Phila Pa 1976). 2007;32(14):1543–50.  

   106.    Laine T, Schlenzka D, Makitalo K, Tallroth K, Nolte LP, Visarius H. Improved accuracy of 
pedicle screw insertion with computer-assisted surgery. A prospective clinical trial of 30 
patients. Spine (Phila Pa 1976). 1997;22(11):1254–8.  

   107.    Lee GY, Massicotte EM, Rampersaud YR. Clinical accuracy of cervicothoracic pedicle screw 
placement: a comparison of the “open” lamino-foraminotomy and computer-assisted tech-
niques. J Spinal Disord Tech. 2007;20(1):25–32.  

   108.    Lekovic GP, Potts EA, Karahalios DG, Hall G. A comparison of two techniques in image- 
guided thoracic pedicle screw placement: a retrospective study of 37 patients and 277 pedicle 
screws. J Neurosurg Spine. 2007;7(4):393–8.  

    109.    Li SG, Sheng L, Zhao H. Computer-assisted navigation technique in the spinal pedical screw 
internal fi xation. J Clin Rehabil Tissue Eng Res. 2009;13:3365–9.  

   110.   Li Y. The study of clinical anatomy of cervical pedicle with Iso-C arm and clinical applica-
tion of Iso-C navigation system. Master’s thesis, Shandong University; 2007.  

   111.    Liu YJ, Tian W, Liu B, Li Q, Hu L, Li ZY, et al. Accuracy of CT-based navigation of pedicle 
screws implantation in the cervical spine compared with X-ray fl uoroscopy technique. 
Zhonghua Wai Ke Za Zhi. 2005;43(20):1328–30.  

   112.    Ludwig SC, Kowalski JM, Edwards 2nd CC, Heller JG. Cervical pedicle screws: comparative 
accuracy of two insertion techniques. Spine (Phila Pa 1976). 2000;25(20):2675–81.  

   113.    Merloz P, Tonetti J, Pittet L, Coulomb M, Lavallee S, Sautot P. Pedicle screw placement using 
image guided techniques. Clin Orthop Relat Res. 1998;354:39–48.  

   114.    Merloz P, Troccaz J, Vouaillat H, Vasile C, Tonetti J, Eid A, et al. Fluoroscopy-based naviga-
tion system in spine surgery. Proc Inst Mech Eng H. 2007;221(7):813–20.  

    115.    Mirza SK, Wiggins GC, Kuntz C, York JE, Bellabarba C, Knonodi MA, et al. Accuracy of 
thoracic vertebral body screw placement using standard fl uoroscopy, fl uoroscopic image 
guidance, and computed tomographic image guidance: a cadaver study. Spine (Phila Pa 
1976). 2003;28(4):402–13.  

   116.    Nottmeier EW, Seemer W, Young PM. Placement of thoracolumbar pedicle screws using 
three-dimensional image guidance: experience in a large patient cohort. J Neurosurg Spine. 
2009;10(1):33–9.  

      117.    Rajasekaran S, Vidyadhara S, Ramesh P, Shetty AP. Randomized clinical study to compare 
the accuracy of navigated and non-navigated thoracic pedicle screws in deformity correction 
surgeries. Spine (Phila Pa 1976). 2007;32(2):E56–64.  

Y. Barzilay et al.



309

   118.    Richter M, Cakir B, Schmidt R. Cervical pedicle screws: conventional versus computer- 
assisted placement of cannulated screws. Spine (Phila Pa 1976). 2005;30(20):2280–7.  

   119.    Sakai Y, Matsuyama Y, Nakamura H, Katayama Y, Imagama S, Ito Z, et al. Segmental pedicle 
screwing for idiopathic scoliosis using computer-assisted surgery. J Spinal Disord Tech. 
2008;21(3):181–6.  

   120.    Schnake KJ, Konig B, Berth U, Schroeder RJ, Kandziora F, Stockle U, et al. Accuracy of 
CT-based navigation of pedicle screws in the thoracic spine compared with conventional 
technique. Unfallchirurg. 2004;107(2):104–12.  

   121.    Seller K, Wild A, Urselmann L, Krauspe R. Prospective screw misplacement analysis after 
conventional and navigated pedicle screw implantation. Biomed Tech (Berl). 
2005;50(9):287–92.  

   122.    Tian W, Liu B, Li Q, et al. Experience of pedicle screw fi xation in the cervical spine using 
navigation system. J Spinal Surg. 2003;1:15–8.  

   123.    Xu L, Yu X, Zheng DB, et al. Preliminary application of spinal navigation with the intra- 
operative 3D-imaging modality in pedicle screw fi xation. Orthop J Chin. 2004;12:1895–7.  

   124.    Yan H, Rong K, Shi-yuan F, De-wan Y, Shou-min L, Zhang B, et al. Comparison study 
between C-arm X-ray and 3D CT in guiding thoracolumbar pedicle screw fi xation. Shandong 
Med J. 2009;49:5–7.  

   125.    Yang LL, Chen HJ, Chen DY. Clinical applications of computer assisted navigation technique 
in scoliosis surgery. Orthop J Chin. 2007;15:1772–6.  

   126.    Yong-hong YE, Hong Z, Jie Z, Qing Z, Zhang DS. Application of orthopaedic guidance for 
pedicle screw fi xation of spine. Orthop J Chin. 2005;13:75–6.  

     127.    Zhang DS, Yuan JT, Zheng J. Pedical screw placement under the guidance of computer- 
assisted navigation system. Chin J Min Inv Surg. 2008;8:544–6.  

     128.    Bai YS, Zhang Y, Chen ZQ, Wang CF, Zhao YC, Shi ZC, et al. Learning curve of computer- 
assisted navigation system in spine surgery. Chin Med J (Engl). 2010;123(21):2989–94.  

    129.    Kim KD, Patrick Johnson J, Bloch BO, Masciopinto JE. Computer-assisted thoracic pedicle 
screw placement: an in vitro feasibility study. Spine (Phila Pa 1976). 2001;26(4):360–4.  

   130.    Nakanishi K, Tanaka M, Misawa H, Sugimoto Y, Takigawa T, Ozaki T. Usefulness of a navi-
gation system in surgery for scoliosis: segmental pedicle screw fi xation in the treatment. Arch 
Orthop Trauma Surg. 2009;129(9):1211–8.  

     131.    Sasso RC, Garrido BJ. Computer-assisted spinal navigation versus serial radiography and 
operative time for posterior spinal fusion at L5-S1. J Spinal Disord Tech. 2007;20(2):118–22.  

    132.    Kosmopoulos V, Schizas C. Pedicle screw placement accuracy: a meta-analysis. Spine (Phila 
Pa 1976). 2007;32(3):E111–20.  

     133.    Shin BJ, James AR, Njoku IU, Hartl R. Pedicle screw navigation: a systematic review and 
meta-analysis of perforation risk for computer-navigated versus freehand insertion. J 
Neurosurg Spine. 2012;17(2):113–22.  

      134.    Wu H, Gao ZL, Wang JC, Li YP, Xia P, Jiang R. Pedicle screw placement in the thoracic 
spine: a randomized comparison study of computer-assisted navigation and conventional 
techniques. Chin J Traumatol. 2010;13(4):201–5.  

     135.    Yu X, Xu L, Bi LY. Spinal navigation with intra-operative 3D-imaging modality in lumbar 
pedicle screw fi xation. Zhonghua Yi Xue Za Zhi. 2008;88(27):1905–8.  

     136.    Li SG, Sheng L, Zhao H, Zhang JG, Zhai JL, Zhu Y. Clinical applications of computer- 
assisted navigation technique in spinal pedicle screw internal fi xation. Zhonghua Yi Xue Za 
Zhi. 2009;89(11):736–9.  

     137.    Rampersaud YR, Foley KT, Shen AC, Williams S, Solomito M. Radiation exposure to the 
spine surgeon during fl uoroscopically assisted pedicle screw insertion. Spine (Phila Pa 1976). 
2000;25(20):2637–45.  

     138.    Izadpanah K, Konrad G, Sudkamp NP, Oberst M. Computer navigation in balloon kyphoplasty 
reduces the intraoperative radiation exposure. Spine (Phila Pa 1976). 2009;34(12):1325–9.  

    139.    Mroz TE, Abdullah KG, Steinmetz MP, Klineberg EO, Lieberman IH. Radiation exposure to the 
surgeon during percutaneous pedicle screw placement. J Spinal Disord Tech. 2011;24(4):264–7.  

14 Image and Robotic Guidance in Spine Surgery



310

    140.    Kim CW, Lee YP, Taylor W, Oygar A, Kim WK. Use of navigation-assisted fl uoroscopy to 
decrease radiation exposure during minimally invasive spine surgery. Spine J. 2008;8(4):
584–90.  

    141.    Smith HE, Welsch MD, Sasso RC, Vaccaro AR. Comparison of radiation exposure in lumbar 
pedicle screw placement with fl uoroscopy vs computer-assisted image guidance with intraop-
erative three-dimensional imaging. J Spinal Cord Med. 2008;31(5):532–7.  

    142.    Schaeren S, Roth J, Dick W. Effective in vivo radiation dose with image reconstruction con-
trolled pedicle instrumentation vs. CT-based navigation. Orthopade. 2002;31(4):392–6.  

    143.    Zhang J, Weir V, Fajardo L, Lin J, Hsiung H, Ritenour ER. Dosimetric characterization of a 
cone-beam O-arm imaging system. J Xray Sci Technol. 2009;17(4):305–17.  

    144.    Kim JS, Eun SS, Prada N, Choi G, Lee SH. Modifi ed transcorporeal anterior cervical micro-
foraminotomy assisted by O-arm-based navigation: a technical case report. Eur Spine J. 
2011;20 Suppl 2:S147–52.  

    145.    Silbermann J, Riese F, Allam Y, Reichert T, Koeppert H, Gutberlet M. Computer tomography 
assessment of pedicle screw placement in lumbar and sacral spine: comparison between free- 
hand and O-arm based navigation techniques. Eur Spine J. 2011;20(6):875–81.  

    146.    Johnson JP, Stokes JK, Oskouian RJ, Choi WW, King WA. Image-guided thoracoscopic spi-
nal surgery: a merging of 2 technologies. Spine (Phila Pa 1976). 2005;30(19):E572–8.  

       147.    Lieberman IH, Hardenbrook MA, Wang JC, Guyer RD. Assessment of pedicle screw place-
ment accuracy, procedure time, and radiation exposure using a miniature robotic guidance 
system. J Spinal Disord Tech. 2012;25(5):241–8.  

    148.    Ringel F, Stoffel M, Stuer C, Meyer B. Minimally invasive transmuscular pedicle screw fi xa-
tion of the thoracic and lumbar spine. Neurosurgery. 2006;59(4 Suppl 2):ONS361–6; discus-
sion ONS6–7.    

Y. Barzilay et al.


	Chapter 14: Image and Robotic Guidance in Spine Surgery
	Introduction
	 Systems and Registration Processes for Image-Guided Spine Surgery (IGSS)
	Two-Dimensional (2D) Fluoroscopy-Based Image Guidance (Virtual Fluoroscopy)
	 CT-Based Image Guidance
	Registration for Preoperative CT-Based Navigation
	Point-Matching Technique
	Surface-Matching Technique
	CT-to-Fluoroscopy Merging Systems
	Electromagnetic Registration Systems


	 Intraoperative Cone Beam CT-Based Systems
	 Intraoperative CT

	 Robotic Guidance in Spine Surgery
	A Robotic System in Clinical Use
	 Robotic Systems Under Development
	 A Clinically Available Tele-Surgical Robotic System

	 Review of the Literature Regarding Image and Robotic Guidance in Spine Surgery
	Image-Guided Spine Surgery
	Learning Curve
	 Accuracy
	 Radiation Exposure
	 Procedure Duration

	 Robotic Guidance in Spine Surgery
	Accuracy
	 Radiation Exposure
	 Procedure Time
	 Tele-Surgical Robotic Systems and Spine Surgery


	 Practical Considerations When Using Image or Robotic Guidance
	 Conclusions
	References


