®PLOS | one

Check for
updates

G OPEN ACCESS

Citation: Guha D, Jakubovic R, Leung MK,
Ginsberg HJ, Fehlings MG, Mainprize TG, et al.
(2019) Quantification of computational geometric
congruence in surface-based registration for spinal
intra-operative three-dimensional navigation. PLoS
ONE 14(8): €0207137. https://doi.org/10.1371/
journal.pone.0207137

Editor: Benjamin Elder, Mayo Clinic Minnesota,
UNITED STATES

Received: May 12,2018
Accepted: October 25, 2018
Published: August 26, 2019

Copyright: © 2019 Guha et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
available within the paper and its Supporting
Information files.

Funding: This research is supported by the Natural
Sciences and Engineering Research Council of
Canada (NSERC) and the Canada Foundation for
Innovation (CFl) to DG. Salary support for DG is
provided in part by a Canadian Institutes of Health
Research (CIHR) Postdoctoral Fellowship (FRN
142931). The funders had no role in study design,

RESEARCH ARTICLE

Quantification of computational geometric
congruence in surface-based registration for
spinal intra-operative three-dimensional
navigation

Daipayan Guha®'?*#, Raphael Jakubovic®*, Michael K. Leung®, Howard J. Ginsberg',
Michael G. Fehlings'-?, Todd G. Mainprize', Albert Yee®, Victor X. D. Yang'-2347

1 Division of Neurosurgery, Department of Surgery, University of Toronto, Toronto, Ontario, Canada,

2 Institute of Medical Science, University of Toronto, Toronto, Ontario, Canada, 3 Biophotonics and
Bioengineering Laboratory, Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada, 4 Department of
Biomedical Physics, Ryerson University, Toronto, Ontario, Canada, 5 Institute of Biomaterials and
Biomedical Engineering, University of Toronto, Toronto, Ontario, Canada, 6 Division of Orthopedic Surgery,
Department of Surgery, University of Toronto, Toronto, Ontario, Canada, 7 Department of Electrical and
Computer Engineering, Ryerson University, Toronto, Ontario, Canada

* deep.guha@mail.utoronto.ca

Abstract

Background Context

Computer-assisted navigation (CAN) may guide spinal instrumentation, and requires align-
ment of patient anatomy to imaging. Iterative closest-point (ICP) algorithms register anatom-
ical and imaging surface datasets, which may fail in the presence of geometric symmetry
(congruence), leading to failed registration or inaccurate navigation. Here we computation-
ally quantify geometric congruence in posterior spinal exposures, and identify predictors of
potential navigation inaccuracy.

Methods

Midline posterior exposures were performed from C1-S1 in four human cadavers. An
optically-based CAN generated surface maps of the posterior elements at each level. Maps
were reconstructed to include bilateral hemilamina, or unilateral hemilamina with/without the
base of the spinous process. Maps were fitted to symmetrical geometries (cylindrical/spheri-
cal/planar) using computational modelling, and the degree of model fit quantified based on
the ratio of model inliers to total points.

Geometric congruence was subsequently assessed clinically in 11 patients undergoing
midline exposures in the cervical/thoracic/lumbar spine for posterior instrumented fusion.

Results

In cadaveric testing, increased cylindrical/spherical/planar symmetry was seen in the high-
cervical and subaxial cervical spine relative to the thoracolumbar spine (p<0.001). Extension
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of unilateral exposures to include the ipsilateral base of the spinous process decreased sym-
metry independent of spinal level (p<0.001).

In clinical testing, increased cylindrical/spherical/planar symmetry was seen in the subax-
ial cervical relative to the thoracolumbar spine (p<0.001), and in the thoracic relative to the
lumbar spine (p<0.001). Symmetry in unilateral exposures was decreased by 20% with
inclusion of the ipsilateral base of the spinous process.

Conclusions

Geometric congruence is most evident at C1 and the subaxial cervical spine, warranting
greater vigilance in navigation accuracy verification. At all levels, inclusion of the base of the
spinous process in unilateral registration decreases the likelihood of geometric symmetry
and navigation error. This work is important to allow the extension of line-of-sight based reg-
istration techniques to minimally-invasive unilateral approaches.

Introduction

Spinal instrumentation traditionally has been placed freehand based on anatomic landmarks,
which may be highly variable, or with fluoroscopic guidance resulting in significant radiation
exposure to operating room personnel.[1-3] Computer-assisted navigation (CAN) may guide
spinal instrumentation placement, significantly improving accuracy and minimizing acute
and long-term malposition related complications.[4-6] Image guidance in CAN may be based
on pre-operative imaging, typically CT, or intra-operatively-acquired 3D fluoroscopy or CT;
in all cases, navigation requires registration of the image and patient spaces. Our laboratory
has developed a novel technique for image-to-patient registration, based on optical topo-
graphic imaging (OTI), which rapidly acquires a surface map of exposed spinal anatomy
under direct vision and automatically registers to pre-operative CT in real-time, minimizing
workflow disturbance.[7-10] Registration of three-dimensional point sets in contemporary
surface-based navigation techniques, including OTI, is typically performed using variants of
the Iterative closest-point (ICP) algorithm, in which two meshes are aligned using an initial
rigid-body pose estimation, followed by iterative refinement of the translational and rotational
transformations to minimize a distance error metric between the two meshes.[11,12] ICP algo-
rithms may be prone to instability when too many point pairs arise from unconstrained sym-
metrical, or congruent, geometries, including cylinders, spheres, and planes.[13-15] While
multiple variations of ICP have attempted to address the stability of the final alignment
between meshes, non-convergence from geometric congruence remains a potential source of
registration error in image-guided surgery, leading to failed registration or, worse, successful
registration with inaccurate navigation. ICP convergence is particularly critical in surface-
based registration techniques, such as OTI, especially when applied to minimally-invasive
(MIS) exposures with fewer available points to increase the variance in input geometry and
specify the initial alignment pose.

Here, we therefore quantify geometric congruence, or symmetry, in posterior spinal expo-
sures using computational modelling, and identify predictors of potential navigation inaccu-
racy from this error mechanism. This understanding is essential to allow the safe and efficient
translation of any surface-based navigation technique requiring line-of-sight to exposed anat-
omy, to minimally-invasive spinal exposures.
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Methods
Specimen/Patient selection

Surface geometry of posterior spinal exposures was assessed initially in four human cadavers,
as part of pre-clinical validation of our OTI navigation system. All cadavers underwent pre-
operative helical CT imaging at 0.5mm slice thickness. Institutional ethics board approval was
obtained (Mount Sinai Hospital REB# 16-0051-E). Written informed consent for the use of all
cadavers in research was provided by the subjects themselves, to the University of Toronto
Faculty of Medicine. Cadavers used in our study were accessed only through the University of
Toronto Faculty of Medicine.

Surface geometry of posterior spinal anatomy was subsequently assessed in-vivo in 11
patients, undergoing midline exposures in the cervical/thoracic/lumbar spine for OTI-guided
posterior instrumented fusion as part of an ongoing trial of OTI navigation at Sunnybrook
Health Sciences Centre (Sunnybrook Health Sciences Centre REB# 309-2014 and 086-2015).
All patients underwent pre-operative helical CT imaging, reformatted at 0.625mm slice
thickness.

OTI registration

Cadavers were positioned prone on a standard operating table. Midline posterior exposures
were performed bilaterally from C1-S1 in four human cadavers, extending to the lateral edge
of the lateral masses in the cervical spine, and to the transverse processes in the thoracolumbar
spine. 3D surface maps of the posterior elements were generated using OTT at each level

(Fig 1). Technical details of OTI registration are described separately.[10] Briefly, structured
light is projected onto the exposed anatomy and its deformation recorded by stereoscopic
cameras to generate a 3D surface point cloud, followed by automatic registration via an itera-
tive closest-point (ICP) algorithm to the pre-operative CT. Individual vertebrae are automati-
cally segmented following structured-light acquisition to allow level-to-level registration,
eliminating confounding from any changes in position from pre-operative CT (supine) to the
operative position. This segmentation algorithm also eliminates confounding from pre-exist-
ing instrumentation at the surgical site.

In clinical testing, all patients were positioned prone on a Wilson frame. Patients undergo-
ing cervical instrumentation were also placed in a Mayfield head clamp. Standard midline pos-
terior exposures sufficient for open instrumentation placement were performed, with OTI
surface acquisition and registration similar to cadaveric testing.

Computational modelling of geometric congruence

3D surface maps generated from each vertebral level were thresholded to isolate the vertebra.
The point clouds comprising each surface map were subsequently reconstructed to capture the
bilateral hemilaminae including spinous process (Group A), each unilateral hemilamina
including the ipsilateral base of the spinous process (Group B), and each unilateral hemilamina
excluding the spinous process (Group C)(Fig 2). All thresholding and reconstruction was per-
formed in an open-source data visualization package (ParaView 5.2.0. Kitware, Inc.; Clifton
Park, NY, USA).

Reconstructed point clouds from each group at each registered level were subsequently fit-
ted to symmetrical geometries (cylindrical, spherical, planar) in a computing package
(MATLAB R2016b. The MathWorks, Inc.; Natick, MA, USA) using a random sample consen-
sus (RANSAC) algorithm, iterated 100 times (Fig 3).
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Fig 1. (A) Representative standard midline posterior spinal exposure in cadaveric testing. (B) OTI 3D surface map of a midline posterior cervical spine
exposure.

https://doi.org/10.1371/journal.pone.0207137.9001

The degree of fit of each point cloud to a geometrically-symmetric shape was quantified
using two metrics, the mean-adjusted coefficient of variation in the root-mean-square error
(CoV-RMSE) of the point cloud to the fitted shape, as well as the proportion of total points fit-
ted to the symmetric shape (inliers-to-points ratio, ITPR). Increased fit to a symmetric geome-
try, and therefore increased likelihood of navigation error, is denoted by decreased
CoV-RMSE and increased ITPR. As the CoV-RMSE is highly dependent on the user-specified
maximum inlier error for the RANSAC algorithm, sensitivity analyses were performed for
each geometry with the maximum inlier error set to 0.1mm, 0.5mm, 1.0mm and 2.0mm, and
the maximum inlier error resulting in the lowest CoV-RMSE chosen for subsequent ITPR
analyses; a maximum inlier error of 0.5mm was selected for all analyses in this study.

Statistical analysis

Predictors of increased fit to symmetric geometries were explored using univariate and multi-
ple linear regression modelling. For univariate analyses, RMSE and ITPR were compared
between spinal levels and between point cloud reconstruction groups using one-way analysis
of variance (ANOVA), with Tukey’s Honest-Significant-Difference test for post-hoc compari-
sons. Differences in CoV-RMSE were compared using Levene’s test of homogeneity of
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Fig 2. Reconstructed surface map point clouds, capturing the bilateral hemilaminae including spinous process (Group A) viewed
from above (top) and axially (bottom), unilateral hemilamina including base of the spinous process (Group B), and unilateral
hemilamina excluding the spinous process (Group C).

https://doi.org/10.1371/journal.pone.0207137.9002

variances. Hierarchical mixed-effects general linear modelling was employed for multivariate
analyses to adjust for second-order differences between cadavers/patients. Significance levels
for all tests were set at o < 0.05.

All statistical analyses were performed in SPSS Statistics (version 21; IBM. Chicago, IL,
USA).

/

Fig 3. (A) Point cloud of an L2 unilateral hemilamina including base of spinous process (Group B). Fitting of a cylinder (B), sphere (C), and plane (D) to the L2 point
cloud. Red dots represent points included in the fitted model (inliers); green dots represent points excluded from the fitted model (outliers).

https://doi.org/10.1371/journal.pone.0207137.9003
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Results

For the four cadavers used in pre-clinical testing, mean age at death was 91.4 years (range 83-
96). In-vivo clinical testing was performed in eleven patients, with mean age 58.3 years (range
42-71).

Geometric congruence by spinal region

In cadaveric testing, for unilateral registrations (Group C), C1 was found to have greater cylin-
drical and planar symmetry than C2, the subaxial cervical spine, as well as the thoracic, lumbar
and sacral spines, based on ITPR (p<0.001)(Fig 4). C2 demonstrated increased symmetry in
all configurations relative to the thoracolumbar and sacral spines, while the subaxial cervical
spine showed greater planar symmetry than the thoracolumbar and sacral spines (p<0.001).
ITPR stratified by individual spinal levels are shown in Table 1, comparing differences between
Groups B and A, and Groups C and B, to demonstrate at which levels a decision to switch
from a unilateral to a bilateral exposure, or from a unilateral approach excluding the spinous
process to one including it, would be most beneficial for reducing geometric congruence.

In unilateral in-vivo registrations (Group C), the subaxial cervical spine again demonstrated
greater symmetry, in all configurations, relative to the thoracic and lumbar spine (p<0.001)
(Fig 4). Uniquely, the posterior elements of thoracic vertebrae also showed greater symmetry
in all configurations relative to the lumbar spine (p<0.001).

Geometric congruence by laterality

In cadaveric testing, extension of the registered anatomy from a unilateral exposure (Groups B
+C) to a bilateral acquisition (Group A) resulted in significant reduction in symmetry in all
geometric configurations (Figs 5 and 6). ITPR for cylindrical configurations, i.e. cylindrical
symmetry, was decreased by 47.9% (0.436 £ 0.107 vs. 0.227 + 0.055, p<0.001)(mean + SD),
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significance at p<0.05.

https://doi.org/10.1371/journal.pone.0207137.9004
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Table 1. Differences in inliers-to-points ratios (ITPR) between Groups B and A (‘Group B-A’) and Groups C and B (‘Group C-B’) for each symmetrical configura-
tion, stratified by spinal level, in cadaveric testing. All values reported as (mean + SD).

Level

Cl1
C2
C3
C4
C5
C6
C7
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12
L1
L2
L3
L4
L5
S1

Group B-A

0.146 + 0.050
0.192 £ 0.091
0.160 + 0.075
0.095 £+ 0.011
0.202 + 0.085
0.212 £ 0.096
0.215 £ 0.100
0.208 £ 0.105
0.200 £ 0.092
0.160 + 0.078
0.159 £ 0.071
0.167 £ 0.072
0.171 £ 0.079
0.144 + 0.064
0.159 + 0.066
0.147 + 0.064
0.173 £ 0.077
0.189 + 0.094
0.184 £ 0.094
0.189 + 0.099
0.192 £+ 0.100
0.203 £ 0.100
0.224 £0.110
0.213 £0.108
0.096 + 0.044

Cylinder Sphere Plane
Group C-B Group B-A Group C-B Group B-A Group C-B
0.052 + 0.009 0.053 + 0.001 0.052 + 0.024 0.208 + 0.087 0.042 + 0.005
0.074 £ 0.015 0.184 £ 0.075 0.060 + 0.001 0.233 £0.111 0.051 £0.011
0.041 + 0.021 0.171 + 0.062 0.047 + 0.011 0.168 + 0.090 0.063 +0.035
0.103 +0.032 0.110 £ 0.019 0.107 + 0.008 0.068 + 0.004 0.133 + 0.044
0.095 + 0.021 0.234 £ 0.082 0.078 + 0.004 0.195 £ 0.090 0.129 +0.035
0.067 £ 0.016 0.237 £ 0.098 0.050 + 0.004 0.180 £ 0.070 0.124 + 0.051
0.073 +0.022 0.239 £+ 0.097 0.051 + 0.007 0.173 £ 0.087 0.163 + 0.059
0.070 +0.015 0.240 + 0.107 0.068 + 0.005 0.181 + 0.095 0.153 +0.041
0.091 +0.020 0.207 + 0.080 0.110 +£0.018 0.176 + 0.077 0.176 + 0.068
0.082 + 0.029 0.129 + 0.051 0.108 + 0.032 0.110 + 0.046 0.162 + 0.081
0.091 +0.033 0.123 + 0.042 0.122 +0.035 0.127 + 0.055 0.158 + 0.074
0.068 + 0.026 0.132 + 0.040 0.095 + 0.024 0.166 + 0.063 0.104 + 0.037
0.050 + 0.026 0.154 + 0.066 0.055 + 0.006 0.179 + 0.082 0.079 +0.028
0.073 +0.030 0.087 + 0.024 0.113 +0.036 0.127 +0.048 0.112 +0.051
0.058 + 0.026 0.074 £+ 0.030 0.123 +0.041 0.109 + 0.041 0.129 + 0.058
0.054 + 0.033 0.072 + 0.026 0.111 +0.055 0.096 + 0.040 0.122 +0.070
0.042 +0.019 0.106 + 0.032 0.056 + 0.019 0.089 + 0.023 0.111 + 0.060
0.075 +0.019 0.112 £ 0.051 0.142 + 0.024 0.059 + 0.026 0.156 + 0.069
0.088 + 0.025 0.186 + 0.091 0.109 +0.011 0.121 £ 0.065 0.157 £ 0.070
0.081 +0.028 0.225 £+ 0.103 0.097 +0.021 0.167 + 0.084 0.135 +0.077
0.068 + 0.029 0.223 +0.102 0.081 + 0.042 0.185 + 0.088 0.102 + 0.079
0.071 +0.019 0.214 + 0.092 0.074 + 0.024 0.188 + 0.080 0.094 + 0.048
0.067 + 0.022 0.239+0.110 0.064 + 0.016 0.187 + 0.086 0.117 +0.056
0.069 + 0.014 0.252 +0.111 0.082 + 0.004 0.169 + 0.092 0.151 + 0.044
0.107 + 0.042 0.067 + 0.023 0.130 + 0.043 0.089 + 0.050 0.142 + 0.043

https://doi.org/10.1371/journal.pone.0207137.t001

spherical symmetry by 42.0% (0.493 + 0.121 vs. 0.286 + 0.082, p<0.001), and planar symmetry
by 48.6% (0.438 £ 0.119 vs. 0.225 + 0.063, p<0.001), for unilateral vs. bilateral registrations
(Groups B+C vs. Group A).

In clinical testing, absolute ITPRs were decreased for all geometric configurations relative
to cadaveric data (p<0.001), but with similar reductions in symmetry by extending unilateral
acquisitions (Groups B+C) to a bilateral registration (Group A)(Fig 5). Cylindrical symmetry
was reduced by 50.0% (0.366 + 0.111 vs. 0.183 £ 0.037, p<0.001), spherical symmetry by 47.7%
(0.451 £0.136 vs. 0.236 * 0.069, p<0.001), and planar symmetry by 50.8% (0.390 + 0.144 vs.
0.192 + 0.048, p<0.001), in Group A vs. Groups B+C.

Geometric congruence by inclusion of the spinous process

In cadaveric testing, extension of the registered anatomy from a unilateral exposure (Group C)
to include the ipsilateral base of the spinous process (Group B) reduced symmetry significantly
in all configurations (Figs 7 and 8). Cylindrical symmetry was reduced by 16.5% (0.472 + 0.107
vs. 0.394 + 0.089, p<0.001)(mean + SD), spherical symmetry by 18.4% (0.539 £ 0.119 vs.
0.440 + 0.099, p<0.001), and planar symmetry by 26.1% (0.498 + 0.111 vs. 0.368 + 0.087,
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cadaveric testing. (B) Standard boxplot of the ITPR stratified by unilateral vs. bilateral registrations, in clinical testing. Error bars represent 1.5xIQR. *
denotes significance at p<0.05.
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Fig 6. (Top row) Fitting of a cylinder (A), sphere (B), and plane (C) to a unilateral L2 registration (D). Inliers are denoted by red dots, outliers by green dots. (Bottom
row) Significant reduction in symmetry, i.e. ratio of inliers (red dots) to outliers (green dots), by extension to a bilateral L2 registration (H), in each of cylindrical (E),
spherical (F), and planar (G) geometries.

https://doi.org/10.1371/journal.pone.0207137.g006
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https://doi.org/10.1371/journal.pone.0207137.9007

Fig 8. (Top row) Fitting of a cylinder (A), sphere (B), and plane (C) to a unilateral L2 registration excluding the base of the ipsilateral spinous process (D). Inliers are
denoted by red dots, outliers by green dots. (Bottom row) Significant reduction in symmetry, i.e. ratio of inliers (red dots) to outliers (green dots), by extension of the
unilateral registration to include the base of the ipsilateral spinous process (H), in each of cylindrical (E), spherical (F), and planar (G) geometries.

https://doi.org/10.1371/journal.pone.0207137.g008
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p<0.001), for unilateral registrations including the ipsilateral spinous process base vs. without
(Group B vs. Group C).

For in-vivo registrations, absolute ITPRs were decreased for all configurations relative to
cadaveric testing (p<0.001). Inclusion of the ipsilateral spinous process base in the registration
reduced cylindrical symmetry by 24.6% (0.418 + 0.116 vs. 0.315 + 0.078, p<0.001), spherical
symmetry by 28.8% (0.527 £ 0.136 vs. 0.375 + 0.082, p<0.001), and planar symmetry by 40.2%
(0.488 £ 0.138 vs. 0.292 + 0.054, p<0.001), relative to registrations excluding the spinous pro-
cess (Group B vs. Group C).

Discussion

While CAN has been shown to improve instrumentation accuracy across all spinal levels,
widespread adoption has been limited by high capital costs and workflow disruptions.[8,16-
21] OTI for spinal navigation significantly streamlines registration workflow by employing
rapid optical 3D scanning to generate a high-density surface point cloud.[7] However, OTI
requires direct vision of bony anatomy for registration, limiting its applicability to some cur-
rent paradigms of minimally-invasive approaches. Extension of OT1I, and other efficient sur-
face-based registration techniques, to minimally-invasive approaches requires an
understanding of mechanisms of registration failure. OTI, along with every current navigation
technique applying surface-based registration to pre-operative imaging, employs an ICP algo-
rithm to register point sets. Some pitfalls of ICP algorithms are known, including failed regis-
tration due to poor initial pose estimation from large rigid-body fiducial localization errors or
soft tissue deformation, susceptibility to mismatched outliers, and inability to account for dif-
ferences in scale between point sets, resulting in hundreds of variants of the original ICP algo-
rithm published in the past 20 years.[22-26] A lack of convergence, i.e. failed or inaccurate
registration, of ICP algorithms in the presence of geometric congruence has been demon-
strated in the context of 3D scanned shapes, with multiple variants attempting to minimize the
associated rotational error, albeit with a target translational error of <25mm as a definition of
‘successful registration’, far too large for surgical navigation.[15] Other variants have
attempted to use a similar RANSAC-algorithm based approach as used in our study, to detect
geometric symmetry in the point sets to be aligned, however requiring a computational time
of 10 minutes, again unacceptable for real-time surgical navigation.[27] To date, geometric
homogeneity has not been demonstrated in the context of surgical navigation; in spinal sur-
gery, geometric congruence is likely to arise in unilateral or minimal-exposure registrations.
While CAN techniques employing intra-operative 3D imaging do eliminate this potential
error, it comes with significant capital expense, operating time, and workflow hindrance. To
allow the workflow improvements of surface-scanning techniques such as OTI to be fully real-
ized, with their significantly greater point density, it is paramount to characterize their poten-
tial limitations and failure mechanisms.

Here, we show first that geometric instability, or congruence, is greatest at C1 and in the
subaxial cervical spine, in both cadaveric and in-vivo settings. This is certainly intuitive given
the relatively smooth and symmetric nature of the C1 posterior arch, disrupted minimally by
the posterior tubercle. In the subaxial cervical spine, facets are relatively flat and smooth rela-
tive to those in the thoracolumbar spine, again resulting in significant geometric congruence
that may lead to potential navigation error when registered through minimal exposures. In the
literature on navigated pedicle screw placement, breach rates are consistently greater in the
cervical spine than in the thoracolumbar spine, although the relatively smaller diameter of cer-
vical pedicles may certainly contribute to this.[20] In our own clinical validation of OTI navi-
gation, quantitative navigation accuracy has been comparable in the cervical vs.
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thoracolumbar spine, albeit with statistically insignificantly-greater translational and angular
errors in the cervical spine.[7,28]

For unilateral registrations using surface-based navigation techniques, geometric instability
can be improved significantly by extending the registration to a bilateral exposure, intuitive as
three-dimensionally-unique geometry in the form of the spinous process and contralateral
hemilamina is now included in the surface dataset to be registered by ICP. Similarly intuitively,
incorporation of adjacent laminae and therefore multiple vertebral segments in the registration
will also improve registration accuracy, though this certainly requires open exposure of these
osseous elements for surface-based line-of-sight registration techniques. More practically,
however, particularly for minimally-invasive single-level exposures, we show that geometric
instability may also be improved in a unilateral registration by simply including the adjacent
base of the ipsilateral spinous process in the registered anatomy. While the absolute values of
ITPR were greater in our cadaveric vs. clinical testing, due likely to larger and more rounded
osteophytes in the significantly older cadaveric population, improvement in symmetry by
including the ipsilateral spinous process base was seen in both cadaveric and clinical settings,
in fact more so in the in-vivo population. Clinically, this has relevance in performing for
instance minimally-invasive TLIFs with surface-based navigation guidance, whereby a unilat-
eral exposure is required for the interbody work, and slight medialization of the exposure to
include the ipsilateral spinous process base can significantly improve the likelihood of success-
ful navigation registration and implant accuracy. It is important to note, however, that geomet-
ric symmetry is minimized but not eliminated with these maneuvers, hence manual
verification of navigation accuracy by the surgeon remains paramount to the safe and efficient
performance of navigated spinal procedures. We propose a systematic technique of manual
registration verification to account for all dimensions in which geometric congruence may
lead to navigation error (Fig 9).

Our findings may be extended to surface imaging and navigation for anterior spinal
approaches, as well as cranial and non-neurosurgical procedures. Given the lack of spinous
processes and other unique geometric landmarks in anterior spinal approaches, navigation
registration in this context will likely also be affected by geometric congruence. Inclusion of
geometrically-unique degenerative para-discal osteophytes or lateral uncovertebral joints in
open anterior approaches will likely minimize registration error in these applications. With
further miniaturization of optical topographic imaging techniques to allow registration
through endoscopic approaches to the anterior spine, one may speculate that appropriate
direction of the endoscope during registration, to include osteophytes or uncovertebral joints,
followed by redirection to the pathology of interest, would be a reasonable workflow. In cranial
navigation, while initial surface-based registrations prior to patient draping are likely to be

Fig 9. (A) Representative point cloud of an open bilateral posterior lumbar exposure. Manual accuracy verification
should be performed with a tracked sharp-tip tool statically at the superior and inferior facet joints (*), and
dynamically by sliding axially (1) and sagittally (2) along the hemilaminae as well as along the spinous process tip (3).
Verification steps shown on orthogonal sagittal (B) and axial (C) CT reconstructions as seen on typical navigation
displays, with static verification points (*) and dynamic sliding maneuvers (1, 2, 3).

https://doi.org/10.1371/journal.pone.0207137.9009
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accurate due to the unique geometry offered by variant facial features, intra-operative updating
of registrations on the external skull requires caution particularly over the convexity, where
significant cylindrical and spherical symmetry may be expected.

While our study was conducted using an OTI navigation system, our findings may be gen-
eralized to those of any surface-based navigation techniques. Our study is limited by its simula-
tion of unilateral exposures, as our surface scanning was performed on fully-open bilateral
exposures, and reconstructed to simulate unilateral registration post-hoc. Future studies of in-
vivo MIS surgery using tubular retractors are warranted, to assess registration quality in true
unilateral exposures.

Conclusions

Geometric congruence may lead to failed or inaccurate registration with surface-based surgical
navigation techniques. Congruence is most evident at C1 and the subaxial cervical spine, war-
ranting greater vigilance in navigation accuracy verification in these regions. At all spinal lev-
els, medial extension of a unilateral exposure to include the base of the ipsilateral spinous
process, or to a central bilateral exposure, decreases the likelihood of geometric symmetry and
therefore improves the likelihood of successful and accurate navigation in minimally-invasive
approaches.

Supporting information

S1 Dataset. (Cadaver) Raw data for inliers-to-points ratios for registration at each spinal
level in cadaveric testing.
(CSV)

$2 Dataset. (Clinical) Raw data for inliers-to-points ratios for registration at each spinal
level in clinical testing.
(CSV)
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