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ABSTRACT
Background: The optoelectronic camera source and data interpolation serve as the foundation for navigational
integrity in the robotic-assisted surgical platform. The objective of the current systematic review serves to provide a basis
for the numerical disparity that exists when comparing the intrinsic accuracy of optoelectronic cameras: accuracy
observed in the laboratory setting versus accuracy in the clinical operative environment. It is postulated that there exists
a greater number of connections in the optoelectronic kinematic chain when analyzing the clinical operative
environment to the laboratory setting. This increase in data interpolation, coupled with intraoperative workflow
challenges, reduces the degree of accuracy based on surgical application and to that observed in controlled
musculoskeletal kinematic laboratory investigations.
Methods: Review of the PubMed and Cochrane Library research databases was performed. The exhaustive
literature compilation obtained was then vetted to reduce redundancies and categorized into topics of intrinsic
optoelectronic accuracy, registration accuracy, musculoskeletal kinematic platforms, and clinical operative platforms.
Results: A total of 147 references make up the basis for the current analysis. Regardless of application, the common
denominators affecting overall optoelectronic accuracy are intrinsic accuracy, registration accuracy, and application
accuracy. Intrinsic accuracy of optoelectronic tracking equaled or was less than 0.1 mm of translation and 0.18 of rotation
per fiducial. Controlled laboratory platforms reported 0.1 to 0.5 mm of translation and 0.18–1.08 of rotation per array. There
is a huge falloff in clinical applications: accuracy in robotic-assisted spinal surgery reported 1.5 to 6.0 mm of translation and
1.58 to 5.08 of rotation when comparing planned to final implant position. Total Joint Robotics and da Vinci urologic
robotics computed accuracy, as predicted, lies between these two extremes—1.02 mm for da Vinci and 2 mm for MAKO.
Conclusions: Navigational integrity and maintenance of fidelity of optoelectronic data is the cornerstone of roboticassisted spinal surgery. Transitioning from controlled laboratory to clinical operative environments requires an increased
number of steps in the optoelectronic kinematic chain and error potential. Diligence in planning, fiducial positioning, system
registration, and intraoperative workflow have the potential to improve accuracy and decrease disparity between planned
and final implant position. The key determining factors limiting navigation resolution accuracy are highlighted by this
Cochrane research analysis.
Research Article
Keywords: optoelectronic accuracy, spinal surgery, imaging, navigation, robotics

INTRODUCTION
The fundamental technological challenge of
navigation and robotic-assisted spinal surgery is
that the virtual world needs to clearly represent the
physical, real-time world. Among the multiple
applications, variables, and equipment used in
navigation and robotic-assisted spinal surgery, the
optoelectronic camera source and data interpolation
process serves as the foundation for navigational
integrity and accuracy (or lack thereof) in the
surgical platform. The spectrum of optoelectronic

technology platforms is quite diverse, with use in
sports performance activities such as speed skating
and soccer,1–4 human ergonomics,5,6 clinical gait
and motion analysis,7–12 musculoskeletal kinematics,13–20 and clinical operative procedures.21–44 To
this end, the degree of accuracy and errors
acceptable across optoelectronic motion measurement platforms differ considerably based on application.1 For example, ﬁducial arrays placed on
anatomic pelvic landmarks of alpine skiers reported
translation accuracy and errors of 8.37 6 7.1 mm.45
Although considered adequate for the evaluation of
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positional or orientation-related differences in this
athletic application, discrepancies of this magnitude
would be unacceptable in the clinical operative
setting. Technological advancements in the accuracy
of optoelectronic marker–based systems over the
past 20 years have facilitated the adoption and
application of these platforms to the ﬁeld of roboticassisted spinal surgery.12,46,47 An ensuing plethora
of journal publications have documented the safety,
efﬁcacy, and technical accuracy of navigation and
robotic systems,21–24,30–32,35,48–55 operative surgical
applications,25,33,56,57 and challenges of process
workﬂow, learning curve, and training.28,30,31,50,51
Review of these publications reveals what could
be deﬁned as a signiﬁcant discrepancy when
comparing optoelectronic accuracy in the laboratory setting versus the clinical operative environment.
An approximate 10-fold decrease in technical
accuracy of ﬁnal implant position (2 mm) in the
clinical operative environment was observed compared with controlled musculoskeletal kinematic
studies (0.2 mm) despite the use of nearly identical
optoelectronic camera systems. Hence, the objective
of the current systematic review serves to provide a
basis for the numerical disparity that exists when
comparing the intrinsic accuracy of optoelectronic
cameras, accuracy observed in the laboratory
setting, and accuracy in the clinical operative
procedures. It is postulated that there exists a
greater number of linkages in the optoelectronic
kinematic chain when analyzing the clinical environment in the laboratory setting. This increase in
data interpolation, coupled with intraoperative
workﬂow challenges, reduces the degree of accuracy
compared with that observed in controlled musculoskeletal kinematic laboratory investigations.

METHODS
A comprehensive systematic review of the
PubMed and Cochrane Library research databases
was performed. The time interval was unrestricted,
but the majority of publications making up the basis
of this analysis were from 2000 to the present. A
combination of key search terms was stratiﬁed into
the following: optoelectronic measurement systems,
technical accuracy, experimental error, roboticassisted surgery, spinal kinematics, and navigation.
The search was limited to papers in the English
language, indexed in peer-reviewed journals accessible through online searches, and all publications
included required a bona ﬁde PubMed identiﬁcation

(pmid) or digital object identiﬁer (doi) citation. The
exhaustive literature compilation obtained was then
pooled in an EndNote ﬁle, vetted to reduce
redundancies and categorized into topics pertinent
to optoelectronic measurement system accuracy
with speciﬁc reference to intrinsic accuracy, registration accuracy, musculoskeletal kinematic platforms, and clinical operative platforms. The
primary tier for inclusion focused on publications
that reported quantitative units of measure (microns, millimeters, and degrees) for intrinsic camera
accuracy and tolerances, accuracy obtained in a
controlled laboratory setting, and accuracy in the
clinical operative setting. In various ﬁelds—spinal
surgery, urologic surgery, and total joint replacement surgery—navigation and robotic accuracy are
measured and compared with the Optotrak 3020
and Optotrak Certus systems (Northern Digital
Instruments, Waterloo, Ontario, Canada). Several
localized positions in a radiographic phantom are
compared with the data acquired with the gold
standard Optotrak systems. For example, individual
da Vinci trials were registered to the mean Optotrak
data using a rigid point-based registration method.
An extensive number of peer-reviewed journal
publications have documented the use, efﬁcacy,
safety, and technical accuracy achieved with robotic-assisted spinal surgery. The focus in reviewing
these publications was to highlight the technical
accuracy observations and determine a basis for
discrepancy between planned versus actual ﬁnal
implant position based on postoperative computed
tomography (CT) images. In case studies where
quantitative measurements were not reported, the
Gertzbein and Robbins score (GRS) was adopted to
calculate pedicle screw implant position.58 According to the GRS classiﬁcation, screws centered within
the pedicle are considered grade A, ,2 mm from
center is a grade B, a breach from 2 to 4 mm is grade
C, a breach from 4 to 6 mm is grade D, and .6 mm
is grade E. Grades of A and B (,2-mm pedicle
breach) are considered clinically acceptable, and all
other grades indicate malposition.

RESULTS
Three-Dimensional Cartesian Rigid Body
Transformations
The reported optoelectronic measurements of
accuracy, errors, and methods to quantify these in
the laboratory setting or clinical operative environ-
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Figure 1. Cartesian Coordinate System and Conceptual Framework for Spinal
Kinematics – Schematic representation of a fixed 3-dimensional Cartesian
coordinate system for calculation of rigid body transformation in millimeters
(mm) translation and degrees (deg) rotation along three orthogonal axes – X, Y
and Z (A). This is in accordance to the axial (Y), sagittal (Z) and coronal (X)
anatomic planes as defined by Panjabi’s 3-dimensional conceptual framework
for spinal kinematics (B).

ment are based on a ﬁxed three-dimensional
Cartesian coordinate system of rigid body transformation in millimeters of translation and degrees of
rotation along three orthogonal axes: X, Y, and
Z.59–63 This is in accordance to the axial (Y), sagittal
(Z), and coronal (X) anatomic planes as deﬁned by
Panjabi’s three-dimensional conceptual framework
for spinal kinematics (Figure 1).64–66 From a
nomenclature standpoint, accuracy is deﬁned as a
combination of trueness and precision according to
the published International Organization for Standardization standard 5725-1.67 Trueness refers to
the difference between measured value and true
position, typically represented by the mean value of
repeated measurements. Precision is a measure of
repeatability, typically represented by the standard
deviation of repeated measurements, and refers to
random error and noise within the system. In
addition to these standardizations, a useful key
measure with regard to accuracy (trueness and
precision) is the root mean square distance error
(RMS) as given by ei being the three-dimensional

Image-guided surgery is based on the principle of
integration and registration of the operative ﬁeld to
pre- or intraoperative data set (eg, CT or magnetic
resonance imaging) via amalgamation of an optoelectronic imaging system with robotic platform.69
Although not necessarily involved in the execution
of operative procedures, optoelectronic measurement systems are considered the gold standard in
motion capture accuracy1,70 and provide threedimensional visualization and guidance, improving
task execution and targeting accuracy while functioning in a semiautonomous fashion.71 Hence,
objective accuracy and error assessments of optoelectronic-robotic interventional platforms is essential. The Optotrak 3020 with a 24 infrared lightemitting diode (IRED) pen probe has a National
Institute of Standards and Technology traceable
accuracy of 0.1 mm for a single IRED over the work
volume and a 0.25-mm accuracy when localizing a
24-IRED helical pen probe. Regardless of optoelectronic camera system, the fundamental triad of
common denominators in assessing platform accuracy include (1) intrinsic accuracy of the source
device, (2) registration and tracking accuracy, and
(3) application accuracy. Prior to addressing the
basis for application accuracy across laboratory
versus clinical platforms, the intrinsic and registration accuracy and potential for error propagation
are of primary consideration.
Intrinsic (Technical) Accuracy
The initial link in the optoelectronic kinematic
chain of data transference resides in the intrinsic
accuracy of the camera source. Of the multiple
factors affecting downstream optoelectronic accuracy in musculoskeletal kinematic and clinical
operative platforms, the intrinsic camera components are most controllable. Mechanical compliance
of the system, loose interconnection mechanisms,69
variation in camera resolution, calibration, imperfect lenses, number of cameras, spatial orientation,
noise, computer vision algorithms, and jitter all
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represent sources of intrinsic error in optoelectronic
systems.47,69,72,73 Maletsky et al74 reported the
relative accuracy position between two rigid bodies
at 0.03 mm of translation and 0.048 of angulation,
respectively. As a baseline statement of comparison,
the optoelectronic systems used in clinical operative
or controlled laboratory platforms report only
marginal differences in accuracy. Further, the
contribution of intrinsic errors is of miniscule value
in comparison to error(s) propagation secondary to
registration: targeting tracking and application in
controlled experimental and clinical operative platforms.
Registration Accuracy and Target Tracking
A second key step in the optoelectronic kinematic
chain and highest probable link(s) of error propagation is the registration process. This intraoperative process integrates correlation and mapping
algorithms to register the physical patient to the
virtual patient via the navigation system, optoelectronic source, ﬁducial arrays in the operative ﬁeld,
and coregistration of the patient intraoperative Xrays with the preoperative CT images. Accurate,
close-to-ideal reference reproducibility and ﬁdelity
of the data set improves trueness and precision of
subsequent intraoperative tracking. Multiple factors
affect registration accuracy and target tracking,
including optoelectronic camera source, passive
versus active arrays, occlusions, distance between
ﬁducial arrays and camera source, static versus
dynamic array localization, and anatomic locations
of the coordinate reference ﬁducials.1,35,44,55,68–81
For example, increasing the camera distance from 6
to 8 ft nearly triples the intrinsic registration error
along the Z axis (maximum ¼ 0.250 mm) for the
Polaris passive ﬁducial array system. Hence, closer
approximation of the optoelectronic camera source
to the operative ﬁducial arrays (6 ft, or approximately 1800 mm) minimizes jitter and improves
precision.82 In summary, propagation of computational measurement errors in the optoelectronic
kinematic chain has a compounding effect for the
following transitions: (1) measurement of the
intrinsic image plane error secondary to errors
within the optoelectronic system, (2) transitioning
from image error to ﬁducial location error, and (3)
transition from ﬁducial location error to tracking
target error. The mathematical expressions for these
computational transformations are beyond the
scope of the current publication but are well

documented by Fitzpatrick et al77,79 and Sielhorst
et al.72 The margins of error secondary to intrinsic
and registration accuracy in optoelectronics are
more manageable compared with unpredictable
factors related to application in the laboratory
versus dynamic clinical intraoperative environments.
Application Accuracy: Basic Scientific Laboratory
Platform
A plethora of publications have documented the
biomechanical properties of the occipitocervical
through lumbopelvic spine under controlled laboratory conditions using Panjabi’s 3-dimensional
conceptual framework for testing.17,64–66,83 In contrast to the challenges of the clinical operative
environment, motion analysis of spinal implant and
anatomic vertebral structures(s) in the controlled
laboratory setting is performed using a 6-degree-offreedom musculoskeletal simulator interfaced with
an optoelectronic measurement system. The fundamental principles pertinent to maximizing optoelectronic accuracy include mounting the specimen to a
rigid testing platform, afﬁxing active or passive
ﬁducial arrays directly to implants or anatomic
structures using screw-bolt ﬁxation, and creating
rigid body conﬁgurations parallel to the camera
source. To this end, a series of laboratory investigations using the NDI Certus and Vicon MX13
camera systems (Vicon Motion Systems Ltd, Oxford, UK) reported the peak limits of optoelectronic
accuracy when evaluating kinematics of the osteoligamentous spine.13–19,84–90 Cunningham et al14
compared occipital plate versus intracranial anchors
for reconstruction of the occipitocervical (O-C)
junction. The reported differences (degrees) in axial
rotation at the O-C junction based on optoelectronic measurements were 4.13 6 2.05 (intact), 0.22 6
0.13 (plate), and 0.30 6 0.21 (anchor). Rotation of
the plate and anchor with respect to the occiput in
ﬂexion-extension ranged from 0.06 6 0.05 to 0.10 6
0.08, respectively. Although not of clinical signiﬁcance, the study quantiﬁed differences on the order
of 0.18 between 2 methods of occipitocervical
ﬁxation.
In a complex kinematic study using a Vicon
optoelectronic system, La Barbera et al18,19 investigated lumbar interbody cages with Ponte osteotomy
versus pedicle subtraction osteotomy for severe
sagittal imbalance. The peak accuracy of neutral
zone measurements (degrees) across the intact L3–
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Figure 2. Laboratory Platform for Optoelectronic Data Transference Process - Schematic illustration demonstrating the laboratory workflow and process for data
transference utilizing optoelectronic tracking. The camera source visualizes the active fiducial arrays affixed to the vertebral elements and transfers the data directly to
the user interface for computational analysis. The collective effect of testing methodology and limited experimental coordinate transformations between data input /
output reduces error propagation and maximizes optoelectronic accuracy.

L5 segments demonstrated values of 0.7 (range 0.3–
1.9) in ﬂexion-extension, 1.0 (range 0.1–3.8) in
lateral bending, and 0.2 (range 0.1–0.9) in axial
rotation in ﬂexion-extension. Factors of specimen
stabilization, alignment, camera resolution, proximity to ﬁducials, planar visualization of the active
arrays, and controlled motion application account
for the high degree of accuracy reported in these
studies. Laboratory workﬂow methods and conditions for experimental musculoskeletal kinematic
studies are streamlined and optimized for maximizing optoelectronic accuracy. Factors of specimen
stabilization, alignment, camera resolution, proximity to ﬁducials, planar visualization of the active
arrays, and controlled motion application account
for the high degree of accuracy reported in these
studies. The collective effect of testing methodology
and limited experimental coordinate transformations between data input/output reduces error
propagation and maximizes optoelectronic accuracy
(Figure 2, Table).91–97
Application Accuracy: Clinical Operative Platform
Transitioning from controlled laboratory conditions to the dynamic variability of a clinical
operative environment presents a different set of

application challenges for maintaining peak optoelectronic accuracy. Unique to robotic-assisted
surgery and in contrast to the laboratory setting,
the intraoperative process requires considerably
more steps in the transference of optoelectronic
kinematic data. This complex process ﬂow integrates correlation and mapping algorithms to
register the physical patient to the virtual patient
via the navigation system, optoelectronic source,
surveillance markers, patient reference markers, end
effector instruments in the operative ﬁeld, and
patient CT images. Accurate, close-to-ideal reference reproducibility and maintenance of this data
set is the primary intraoperative objective and
challenge. Despite the use of nearly identical
optoelectronic sources and ﬁducial arrays, a consistent disparity exists when comparing the reported
technical accuracies in the laboratory setting versus
clinical operative environment. An approximate 10fold decrease in accuracy was observed when
comparing the ﬁnal implant position (2 mm) in
the clinical operative environment with musculoskeletal kinematic studies (0.2 mm). An extensive
number of peer-reviewed journal publications have
documented the use, efﬁcacy, safety, and technical
accuracy achieved with robotic-assisted sur-
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Table.

Robotic and navigation accuracy.

Application
Clinical operative
setting
Spinal surgery

Author/Year

Total knee
arthroplasty

Neurosurgery

In vitro laboratory
setting, basic
scientific studies

Measurement
System

Helm et al 201534

Literature review

Optoelectronic
measurement
system

Zhang et al 202035

Systemic review of
Prospective,
retrospective, and
randomized
control trials
Prospective clinical
study

Optoelectronic
measurement
system

Keric et al 201737

Prospective clinical
study

Optoelectronic
measurement
system

Tarawneh et al 202138

Systematic review

Optoelectronic
measurement
system

Cozzi Lepri et al 202039

Prospective clinical
study

Optoelectronic
measurement
system

Xu et al 202040

Prospective clinical
study

Optoelectronic
measurement
system

Deckey et al 202141

Prospective clinical
study

Optoelectronic
measurement
system

Jeon et al 201942

Retrospective
clinical study

Goia et al 201843

Retrospective
clinical study

Grunert et al 200344

Clinical literature
review

Optoelectronic
measurement
system
Optoelectronic
measurement
system
Optoelectronic
measurement
system

La Barbera et al 202018,19

In vitro lumbar
cadaveric model

Lieberman et al 200630

In vitro lumbar
cadaveric model

Cunningham et al 202014

In vitro cervical
cadaveric model

Devito et al 201036

Total hip
arthroplasty

Article Type

Optoelectronic
measurement
system

Optoelectronic
measurement
system
Optoelectronic
measurement
system
Optoelectronic
measurement
system

Numbers: Navigation Accuracy and Outcomes

12 622 pedicle screws total:
as planned: 93%
,2 mm of plan: 3.1%
.2–4 mm of plan: 0.72%
4–6 mm of plan: 0.43%
5013 pedicle screws total:
as planned: 95.3%
.2–6 mm of plan: 4.6%
646 pedicle screws total:
as planned: 89.3%
,2 mm of plan: 8.9%
.2–4 mm of plan: 1.3%
. 4 mm of plan: 0.31%
1857 pedicle screws total:
,3 mm of plan: 96.9
.3–6 mm of plan: 2.0%
. 6 mm of plan: 1.1%
Grade (A þ B):
robot-assisted group: 97%
freehand technique: 95.4%
(P ¼ .008)
Intraoperative mean registration error: 0.2–0.6
mm
Absolute discrepancy between robotic and
radiographic assessments:
leg length discrepancy: 1.3 6 1.5 mm
combined offset: 1.1 6 0.9 mm
Target inclination: 408; mean inclination
achieved: 40.78 (60.98)
Target inclination: 458; mean inclination
achieved: 45.38 (61.08)
Robotic-assisted total knee arthroplasty versus
standard total knee arthroplasty, respectively:
mean femoral positioning: 0.98 (61.28) versus
1.78 (61.18)
mean tibial positioning: 0.38 (60.98) versus
1.38 (61.08)
mean posterior tibial slope:0.38 (61.38) versus
1.78 (61.18)
mean mechanical axis limb alignment: 1.08
(61.78) versus 2.78 (61.98)
(all P , .001)
Outlier prevalence for hip-knee-ankle angle:
robot-assisted group: 10.7%
conventional group: 16.5%
Distance between intended and actual location:
right side: 0.81 mm
left side: 1.12 mm
Intrinsic technical accuracy: 0.1–0.6 mm
Registration accuracy: 0.2–3 mm
Application accuracy: 0.6–10 mm

Flexion-extension: 0.78 (range 0.38–1.98)
Lateral bending: 1.08 (range 0.18–3.88)
Axial rotation: 0.28 (range 0.18–0.98)
Four screws deviated from surgeon’s plan: 1.02
6 0.56 mm (range 0–1.5 mm)
Differences between two methods of
occipitocervical fixation: 0.06 (60.058)
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Table.

Continued.

Application

>Author/Year
91

Sun et al 2020

Article Type

Measurement
System

Numbers: Navigation Accuracy and Outcomes

Plastics and
reconstruction,
craniofacial
surgery, 3dimensional
printed model and
canine model
Sports medicine,
human cadaveric
knee model

Robot-assisted 3dimensional
reconstructive
frame

Outside position error: 1.71 60.16 mm
Inside position error: 1.37 60.28 mm
Orientation error: 3.04 61.028

Optoelectronic
measurement
system

Hampp et al 201993

Total knee
arthroplasty,
human cadaveric
knee model

Optoelectronic
measurement
system

Miller et al 201694

Cardiothoracic,
swine model

Liu et al 201595

Otolaryngology and
transoral robotic,
porcine model

Optoelectronic
measurement
system
Augmented
reality

Robotic positioning accuracy in placing bone
tunnels for ACL reconstruction:
dry bone tunnels: 1.73 mm
wet cadavers: 2.17 mm
freehand anterior cruciate ligament
reconnection: 6.46 mm
Accuracy and precision to plan of robotic
cohort versus manual cohort, respectively:
Femoral components:
coronal plane: 0.68 versus 2.68
sagittal plane: 1.18 versus 3.78
axial plane: 0.78 versus 3.48
Tibial components:
coronal plane: 0.88 versus 1.08
sagittal plane: 1.48 versus 1.68
Precise stent placement in all 8 animals

Kalia et al 202096

Urologic surgery,
gelatin phantom

Augmented
reality

Kwartowitz et al 200698

Phantom (da Vinci
Classic)

Robotic
telesurgery

Kwartowitz et al 200799

Phantom (da Vinci
S)

Robotic
telesurgery

Diakov et al 201997

Neurosurgery, skull
phantom

Optoelectronic
measurement
system

Guo et al 202092

gery.23,28,30,34–44,48,50–52,55,56,100–127 The focus in reviewing these publications across multiple roboticassisted surgical platforms is to highlight the
technical accuracy and discrepancy between
planned versus actual ﬁnal implant position (Table).
Based on the GRS system for transpedicular
screw accuracy, Helm et al34 performed a comprehensive literature review on the technical accuracy
of 1 622 pedicle screws implanted using a variety of
image-guided surgery navigation systems. As reported, 11 830 were positioned Ideal according to
preoperative plan (A), 395 screws within less than 2
mm of plan (B), 92 breached between 2 and 4 mm
off center (C), and 55 were within 4 to 6 mm of the
preoperative plan (Table). Grades of Ideal and A

Resection ratios of mock tumor margins:
image-guided robotic system: 1.00
control scenarios: 0.0
alternative methods of image guidance: 0.58
Target registration error (TRE): 4.56 6 1.57
mm
TRE x-direction: 1.93 61.26 mm
TRE y-direction: 2.04 61.37 mm
TRE z-direction: 2.94 61.84 mm
Mean localization error (da Vinci Classic):
internal comparison: 1.02 mm
fiducial registration error: 1.31 mm
target registration error: 1.35 mm
Mean localization error (da Vinci S):
internal comparison: 1.05 mm
fiducial registration error: 1.31 mm
target registration error: 1.25 mm
Registration error for entire head: 1.5 mm

(,2mm of plan) indicated ‘‘no perforations’’ and
were considered acceptable in these anatomical
segments according to Helm and coworkers. As a
study limitation to the Helm et al publication, the
paradigm of 3-dimensional accuracy as reported by
Jiang et al128 is a more suitable and accurate
description for pedicle screw placement versus
accuracy based on single-plane imaging.
The time-honored tenet of pedicle screw deformity surgery, compared with European techniques
for decades, was ‘‘probe rather than drill’’ the
pedicle. This proved to be easier to learn and safer,
as the surgeon could use a blunt probe and stay
within the intramedullary canal of the pedicle and
‘‘increase accuracy.’’ The accuracy and safety of
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Figure 3. Computed Tomographic Images – Computed tomographic images
demonstrating comparative pedicle screw insertion techniques of ‘‘Old School’’
versus ‘‘New School’’ methods. The Old School technique includes probing the
center of the pedicle, intramedullary blunt pedicle finder, and concentrically
expanding the pedicle to permit screw insertion (A). The New School navigated
technique utilizes a more outside-in converging trajectory permitting
preservation of the medial pedicle wall (B). Note the change in position of the
circle defining region of insertion corridor.

pedicle screw insertion was deﬁned as reducing the
number of pedicle screw breaches.129 With the
advent of navigation and robotics, this deﬁnition
has to be adapted to more contemporary goals
(Figure 3). It is now possible to safely insert 4.5mm-diameter pedicle screws into 3.0-mm thoracic
pedicles by using navigated outside-in techniques,
incorporating the entire costovertebral joint complex as a navigated target. Using a more tangential,
outside-in converging trajectory, longer screws can
be implanted compared with the previous ‘‘oldschool,’’ nonnavigated techniques. Probing the
pedicle and starting in the middle of the pedicle
intramedullary canal allows the surgeon to concentrically enlarge the hole starting in the center.
Unfortunately, using this old-school technique, the
spinal canal can be breached in adolescent idiopathic scoliotic deformities, particularly on the
convex side from T1 to T6, where the pedicles tend
to be hypoplastic. With navigation, surgeons can
optimize screw size in the upper thoracic pedicles:
‘‘drill to preserve the medial pedicle wall.’’ The
precise, pinpoint location where the robot starts
with orientation to the transverse process and
superior articular process is unique to each pedicle.
It is not in the center of the pedicle unless
transpedicular depth and diameter are of sufﬁcient
dimension. The pedicle starting point, size, and

optimal trajectory are planned based on a 3dimensional virtual spine digitally constructed from
a preoperative or early intraoperative CT scan. The
starting point is unique to each pedicle screw and
more tangential, especially in the cervical spine,
compared with freehand techniques. The navigated
trajectory is directed medial into the vertebral body
and often more cranial—difﬁcult to predict and
accomplish freehand—which allows for improved
purchase without violation of the medial wall. Using
navigation and robotics in deformity procedures,
the ‘‘new navigated school’’ allows for precise
placement of costovertebral screws into the vertebral body. Therefore, the accuracy of robotic
pedicle screw placement is based on the planned
versus actual screw implant location, avoidance of a
medial pedicle wall breach, and obtaining optimal
ﬁxation. The Gertzbein and Robbins quantitative
scale of pedicle screw accuracy is not appropriate in
the navigated school of robotic surgery, where
intentional breach of the lateral pedicle and
navigation of the pedicle screw into the costotransverse joint complex is intentional (Figure 4). This
quantitative scale would result in a 100% intentional lateral breach despite increased ﬁxation and
correction of the scoliotic curve.
In robotic-assisted total hip arthroplasty, Cozzi
Lepri et al39 calculated differences between planned
and actual measurements in leg length of 1.3 6 1.5mm displacement and target inclination of 0.38 to
0.78 angulation. As reported by Goia et al,43 for
neurosurgical applications in deep brain stimulation, the difference between planned and actual lead
implantations positions was on the order of 0.8 to
1.12 mm of displacement (Table). For urologic
surgical procedures, the da Vinci robot has the most
extensive track record, with several generations of
improvements.130–132 As of December 2008, there
were over 1000 da Vinci units sold, with well over
300 000 procedures performed. The most successful
application of the robot is prostatectomy, with
approximately 70% of all radical prostate removal
procedures performed with the da Vinci in 2008 in
the United States.132 A typical comparison of
accuracy between the new da Vinci S model (1.25
mm) and the da Vinci Classic model (1.35 mm) are
shown in the Table.98,99 As predicted, the intrinsic
computed accuracy of the da Vinci urologic robot
system is higher than robotic-assisted spinal applications (1.02 mm) but still not to the level of
Optotrak (0.25 mm).98 Da Vinci systems are in their
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Figure 4. Computed Tomographic and Schematic Images of Pedicle Screw Trajectory – The New Navigated School permits the surgeon to maximize pedicular
fixation by incorporation of the entire costovertebral complex as showing the computed axial tomographic and schematic illustrations (A). As such, longer and larger
diameter pedicle screws (5.5mm versus 4.5mm) can be inserted, while avoiding breach of the medial pedicle wall (B).

third generation—it is anticipated that the accuracy
of spinal navigation and robotics will demonstrate
similar improvements over the same time period
with iterative improvements. Importantly, the da
Vinci is a master-slave robot that does not
incorporate real-time optoelectronic camera tracking. The current systematic review compares the da

Vinci with studies that have been done with
optoelectronic camera systems; however, this paradigm is not directly comparable to a real-time
image-guided system that is used in spinal surgery.
A direct comparison of accuracy between these 2
different robotic systems is challenging, as 2
different things are being compared (movement of
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Figure 4. Continued.

a robotic arm in the case of the da Vinci and
accuracy of screw placement in the case of a spine
robot). While ‘‘accuracy’’ inferences can be made, a
direct comparison between different robotic systems
in different surgical subspecialties needs to take into
account different deﬁnitions of ‘‘accuracy.’’
The continuation in the adoption of navigation
and robotic-assisted surgical procedures is ensured,
as there is space for improvement in the accuracy
based on Cunningham and Brooks’s133 meta-analysis, which establishes the basic scientiﬁc accuracy:
0.1 mm of translation and 0.18 degree of rotation in
optoelectronic laboratory conditions. Despite the
use of nearly identical optoelectronic systems in the
laboratory and clinical settings, the precision falls
off in clinical spine applications to 3 to 4 mm
translation and 28 to 38 of rotational accuracy.
Robotic-assisted total joint replacement currently
lies between these 2 extremes. Total joint robotics
does not involve viscoelastic joints (3-joint complexes similar to the functional spinal unit) and does
not involve a series of chain linkages between the
navigated bone and skeletally anchored reference
ﬁducials. Hence, the basis for the disparity and

continuum of accuracy when transitioning from the
controlled laboratory setting to the clinical operative environment is secondary to an increased
number of steps in the optoelectronic kinematic
chain and potential for error propagation in
experimental coordinate transformations. Moreover, intraoperative challenges of array location,
system registration, spinal ﬂexibility, anatomic
topography, and workﬂow affect navigational
integrity and provide a basis for the disparity of
optoelectronic accuracy in the clinical environment
compared with the controlled laboratory setting.
Collectively, these factors result in a continuum of
optoelectronic accuracy with the greatest degree of
accuracy observed in the laboratory setting and the
least in the clinical operative spine environment
(Table).
Basis for Disparity in Optoelectronic Accuracy
A key consideration pertaining to optoelectronic
accuracy in the clinical environment compared with
the laboratory setting is the dynamic nature of the
operating room. The basis for disparity in accuracy
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when equating the laboratory versus clinical operative platforms is a result of the combined,
cumulative errors secondary to the intraoperative
workﬂow process, variability in anatomic morphology, and spinal ﬂexibility. Of fundamental importance and the crux of the matter related to error
propagation in navigation and robotic-assisted
spinal surgery is the assumption that the workﬂow
platform and patient’s spine are rigid, and, as such,
motion of any type is perceived as a rigid body
transformation. Optoelectronic error reduction in
the clinical ﬂow requires stabilization of the camera
source, rigid ﬁxation of surveillance arrays in the
iliac crest, stable attachment of patient reference
and registration arrays to anatomic landmarks, and
end effector instruments arrays that are inﬂexible.
The end effector is the last link where the robotic
enters the work space, and small rotations or
translations in the array references can lead to large
errors in instrument position. Although accurate,
close-to-ideal reference reproducibility of these steps
will reduce errors, the reality is that ﬁxed arrays do
move, leading to increased relative motions between
arrays and subsequent error propagation and
disparity between the physical, real-time world and
the virtual world. Moreover, spatial errors can be
further magniﬁed due to geometrical distortion of
preoperative images and tracking error of the
surgical instruments.134 To register the physical
patient to the virtual patient, Grunert et al44
proposed a series of transformation matrices,
including ﬁducial-based paired-point transformation, surface contour matching, and hybrid transformation. The hybrid transformation process is
most applicable to robotic-assisted spinal surgery,
as it includes the methods of surface-based and pairpoint–based methods with implanted ﬁducials. As
such, tracing at least 3 anatomic landmarks with
navigational conﬁrmation serves to reduce error
potential.
Several publications on optimizing clinical workﬂow process have been reported.31,49,53,134–138 Lieberman et al31 provides an excellent description of
the step-by-step workﬂow process in robotic-assisted spinal surgery. The report provides a concise
methodological approach to operative workﬂow
while at the same time providing a collective basis
for potential error(s) propagation in the clinical
setting. The sequential description of process ﬂow/
error potentials includes preoperative and intraoperative registration, dislodgement of reference ar-

rays, damaged or bent navigation tools139–141 and
array occlusions (eg, distance and blood), skiving or
tool deﬂection secondary to sloped anatomic
topology or muscle retraction, and untracked
patient movement during the spinal destabilizing
procedure. In addition to unintended motion or
bending of ﬁducial arrays, the inherent differences
in anatomic topology, bone mineral density, and
ﬂexibility of the patient’s spine, both before and
following destabilization and reconstruction procedures, cannot be overemphasized. The challenge is
that the spine is often ﬂexible—the drill and robotic
arm may be properly located, but highly mobile,
multisegmental spinal reconstructions with minimal
deﬂection force lead to unintended rotation or
translation of the operative vertebral elements,
skiving, or tool deﬂection and affects precision rate
during screw insertion.31,49,136,137,140,142,143 The basis for decreased technical accuracy in the clinical
operative platforms is a result of combined,
cumulative errors secondary to the intraoperative
workﬂow process, the number of kinematic linkages, and variability in patient spinal morphology and
ﬂexibility (Figure 5).

DISCUSSION
In reviewing the intrinsic technical accuracy and
registration accuracy, there exists a substantial
burden of proof that the potential performance in
optoelectronics is nearly identical between the two
platforms—laboratory versus clinical operative—
under static conditions. The downstream difference
in optoelectronic technical accuracy and disparity
between the 2 platforms is secondary to the dynamic
factors unique to each. The laboratory workﬂow
methods and array registration for experimental
basic scientiﬁc studies are rigid and highly controlled with limited experimental coordinate transformations between data input/output, reducing
error propagation and maximizing optoelectronic
accuracy. Unique to robotic-assisted spinal surgery,
the dynamic intraoperative process necessitates
considerably more steps in the transference of
optoelectronic kinematic data. The complex data
ﬂow process integrates correlation and mapping
algorithms to register the physical patient to the
virtual patient via the navigation system, optoelectronic source, surveillance markers, patient reference markers, end effector instruments, and patient
CT images. Essentially, this is a comparison of
technical accuracy between a rigid, highly controlled
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Figure 5. Clinical Platform for Optoelectronic Data Transference Process – Schematic illustration demonstrating the operative clinical workflow and process for data
transference utilizing optoelectronic tracking. Unique to robotic-assisted surgery and in difference to the laboratory setting, the intra-operative process requires
considerably more steps in the transference of optoelectronic kinematic data. This complex workflow process integrates correlation and mapping algorithms to register
the physical patient to the virtual patient via the navigation system, optoelectronic source, surveillance markers, patient reference markers, end effector instruments in
the operative field, and patient CT images. Accurate, close-to-ideal reference reproducibility and maintenance of this dataset is the primary intra-operative objective
and challenge.

setting and a variable environment with multiple
data input factors. The collective effect results in an
increased potential for error propagation from
experimental coordinate transformations, data processing, and optoelectronic kinematic linkages in the
clinical setting.
There is signiﬁcant potential for clinical improvements in spinal navigation and robotics. The current
challenges as addressed in this Special Focus Issue
are multifactorial:
1.

The patient’s thoracic spine moves under
anesthesia with respirations as the chest
cavity expands. This decreases the accuracy
of placing pedicle screws on the upper convex
side of adolescents with scoliotic curves.
2. An increased number of skeletally based
reference ﬁducials are necessary and located
closer to the target site.
3. Intervening spinal motion above and below
spinal anchors, that is, Mazor L3–L4 motion
when the Hover-T frame spans from the 2
pelvic Steinmann pins (PSIS) to the T12
spinous process (K-wire). The intercalated
spinal segments that are bridged are free to
move.

4. Need additional conﬁrmatory skeletal reference ﬁducials to prevent skiving.
5. Learning through artiﬁcial intelligence would
permit progressive incorporation of information as each pedicle screw is successfully
inserted. The successive introduction of each
pedicle screw should be merged into virtual
information – leading to increased accuracy.
6. Clinical accuracy of robotics and navigation is
not solely related to robotic sophistication.
Fluoroscopic resolution used in registration
and merging of the virtual data intraoperatively is often the gating item. Improvement in
intraoperative 3-dimensional CT would increase accuracy and decrease operative time.
The future of spine robotics and navigation is
essentially here—one only has to look at other
ﬁelds. For example, otolaryngology has used
electromagnetic ﬁelds for navigation rather than
infrared camera capture of reﬂective skeletal ﬁducials. For intraoral resection of tumors, electromagnetic ﬁelds are advantageous, as they allow the
advantage of non–line-of-sight navigation. This
allows the surgeon to navigate around a corner or,
in the case of otolaryngology, down the hypopharynx. There are 2 disadvantages of electromagnetic
ﬁeld navigation that have to be solved before this

Downloaded from http://ijssurgery.com/ by guest on December 1, 2021
International Journal of Spine Surgery, Vol. 00, No. 00

0

Cunningham et al.

non–line-of-sight technology can be used in spine
surgery. First, there cannot be ferromagnetic
instruments in the ﬁeld. Second, the distance (12
in) between the end effector and the ﬁeld generator
has to be reduced in order to have accurate
navigation. The line-of-sight requirement for spinal
navigation is a signiﬁcant obstacle in current
technology; it is invigorating that other surgical
specialties are able to work through this obstacle.
There are several recent prospective randomized
multi-institutional MIS trials that have relevance in
the area of safety and accuracy of navigation and
robotics. Good et al144 in their MIS ReFRESH
study compared the complications and revision
rates from Mazor robotics in 485 patients—374
robotic guidance arm and 111 patients in a
ﬂuoroscopy guidance arm from 9 sites. Fluoroscopic time per screw during instrumentation was 3.6 6
3.9 s with Mazor compared with 17.8 6 9 s with
ﬂuoro-guidance, indicating an 80% reduction in
intraoperative radiation per screw (P , .001).
During the ﬁrst postoperative year, robotic guidance led to a 5.8 times lower risk of surgical
complications and 11 times reduced risk of revision
surgery. It is important to follow the progress of
prospective randomized trials such as the MISReFRESH study as more data are accumulated
over longer time intervals. Staartjes et al145 pooled 3
randomized controlled trials, and Lieber et al28 are
following 257 patients in a national inpatient sample
with matched freehand controls. Gradually, implant
accuracy should improve, complications should
decrease, and revision rates should decrease as the
early majority of fellowship-trained spinal surgeons
gain more peer-reviewed and networked experience.

CONCLUSIONS
The fundamental technological challenge of
navigation and robotic-assisted spinal surgery is
that the virtual world needs to clearly represent the
physical, real-time world. Navigational integrity
and maintenance of ﬁdelity in the transference of
optoelectronic data is the cornerstone of roboticassisted surgery. Transitioning from the controlled
laboratory setting to the clinical operative environment requires an increased number of steps in the
optoelectronic kinematic chain and potential for
error propagation in experimental coordinate transformations. Moreover, intraoperative challenges of
array location, system registration, spinal ﬂexibility,
anatomic topography, and workﬂow affect naviga-

tional integrity and provide a basis for the disparity
of optoelectronic accuracy in the clinical environment compared with the controlled laboratory
setting. A continuum of decreased accuracy is
demonstrated when comparing the optoelectronic
camera source itself with application in musculoskeletal platforms and, ﬁnally, the clinical operative
environment. Diligence in the areas of preoperative
planning, source camera and ﬁducial positioning,
system registration, and intraoperative process
workﬂow has the potential to improve accuracy
and decrease disparity between planned and ﬁnal
implant position.
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Benyó. Stochastic approach to error estimation for imageguided robotic systems Annu Int Conf IEEE Eng Med Biol Soc.
2010;2010:984–987 doi:10.1109/IEMBS.2010.5627624
70. Corazza S, Mündermann L, Gambaretto E, Ferrigno G,
Andriacchi TP. Markerless motion capture through visual hull,
articulated icp and subject speciﬁc model generation. Int J
Comput Vis. 2010;87(1–2):156169. doi:10.1007/s11263-0090284-3
71. Simon DA, Hebert M, Kanade T. Techniques for fast
and accurate intrasurgical registration J Image Guid Surg.
1995;1(1):17–29. doi:10.1002/(SICI)1522-712X
72. Sielhorst T, Bauer M, Wenisch O, Klinker G, Navab N.

Downloaded from http://ijssurgery.com/ by guest on December 1, 2021
International Journal of Spine Surgery, Vol. 00, No. 00

0

Comparative Analysis of Optoelectronic Accuracy

Online estimation of the target registration error for n-ocular
optical tracking systems. Med Image Comput Comput Assist
Interv. 2007;10(pt 2):652–659. doi:10.1007/978-3-540-75759-7_
79
73. Koivukangas T, Katisko JP, Koivukangas JP. Technical
accuracy of optical and the electromagnetic tracking systems.
Springerplus. 2013;2(1):90. doi:10.1186/2193-1801-2-90
74. Maletsky LP, Sun J, Morton NA. Accuracy of an optical
active-marker system to track the relative motion of rigid
bodies. J Biomech. 2007;40(3):682–685. doi:10.1016/j.jbiomech.
2006.01.017
75. Chassat F, Lavallée S. Experimental protocol of
accuracy evaluation of 6-d localizers for computer-integrated
surgery: application to four optical localizers. Medical Image
Computing and Computer-Assisted Intervention—MICCAI’98.
1998:277–284. doi:10.1007/bfb0056211
76. Citak M, Kendoff D, Wanich T, et al. The inﬂuence of
distance on registration in ISO-C-3D navigation: a source of
error in ISO-C-3D navigation. Technol Health Care.
2006;14(6):473–478.
77. Fitzpatrick JM, West JB, Maurer CR. Predicting error in
rigid-body point-based registration. IEEE Trans Med Imaging.
1998;17(5):694–702. doi:10.1109/42.736021
78. Wiles AD, Thompson DG, Frantz DD. Accuracy
assessment and interpretation for optical tracking systems. In
Galloway Jr R,ed.Proceedings Medical Imaging 2004: Visualization, Image-Guided Procedures, and Display. 2004;5367.
doi:10.1117/12.536128
79. Fitzpatrick JM, West JB. The distribution of target
registration error in rigid-body point-based registration. IEEE
Trans Med Imaging. 2001;20(9):917–927. doi:10.1109/42.952729
80. Windolf M, Götzen N, Morlock M. Systematic accuracy
and precision analysis of video motion capturing systems—
exempliﬁed on the Vicon-460 system. J Biomech.
2008;41(12):2776–2780. doi:10.1016/j.jbiomech.2008.06.024
81. Stancic I, Grujic Supuk T, Panjkota A. Design,
development and evaluation of optical motion-tracking system
based on active white light markers. IET Sci Meas Technol.
2013;7(4):206–214. doi:10.1049/iet-smt.2012.0157
82. Khadem R, Yeh CC, Sadeghi-Tehrani M, et al.
Comparative tracking error analysis of ﬁve different optical
tracking systems. Comput Aided Surg. 2000;5(2):98–107. doi:10.
1002/1097-0150(2000)5:2,98::AID-IGS4.3.0.CO;2-H
83. Wilke H, Fischer K, Jeanneret B, Claes L, Magerl F. Invivo-Messung der dreidimensionalen Bewegung des Iliosakralgelenks. Z Orthop Ihre Grenzgebiet. 2008;135:550–556.
84. Bowden AE, Guerin HL, Villarraga ML, Patwardhan
AG, Ochoa JA. Quality of motion considerations in numerical
analysis of motion restoring implants of the spine. Clin Biomech
(Bristol, Avon). 2008;23(5):536–544. doi:10.1016/j.clinbiomech.
2007.12.010
85. Ilharreborde B, Zhao K, Boumediene E, Gay R,
Berglund L, An KN. A dynamic method for in vitro multisegment spine testing. Orthop Traumatol Surg Res. 2010;96(4):456–
461. doi:10.1016/j.otsr.2010.01.006
86. Jeong JH, Leasure JM, Park J. Assessment of
biomechanical changes after sacroiliac joint fusion by application of the 3-dimensional motion analysis technique. World
Neurosurg. 2018;117:e538–e543. doi:10.1016/j.wneu.2018.06.
072
87. Osterhoff G, Dodd AE, Unno F, et al. Cement
augmentation in sacroiliac screw ﬁxation offers modest

biomechanical advantages in a cadaver model. Clin Orthop
Relat Res. 2016;474(11):2522–2530. doi:10.1007/s11999-0164934-9
88. Osterhoff G, Tiziani S, Hafner C, Ferguson SJ, Simmen
HP, Werner CM. Symphyseal internal rod ﬁxation versus
standard plate ﬁxation for open book pelvic ring injuries: a
biomechanical study. Eur J Trauma Emerg Surg.
2016;42(2):197–202. doi:10.1007/s00068-015-0529-5
89. Hammer N, Scholze M, Kibsgård T, et al. Physiological
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