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Background: With the growing incidence of patients receiving surgical treatment for
spinal metastatic tumours, there is a need for developing cost-efficient and radiation-free
alternatives for spinal interventions. In this paper, we evaluate the capabilities and
limitations of an image-guided neurosurgery (IGNS) system that uses intraoperative
ultrasound (iUS) imaging for guidance.

Methods: Using a lumbosacral section of a porcine cadaver, we explored the impact of
CT image resolution, ultrasound depth and ultrasound frequency on system accuracy,
robustness and effectiveness. Preoperative CT images with an isotropic resolution of , and
were acquired. During surgery, vertebrae L1 to L6 were exposed. For each vertebra, five
iUS scans were acquired using two depth parameters (5 cm and 7 cm) and two
frequencies (6 MHz and 12 MHz). A total of 120 acquisition trials were evaluated.
Ultrasound-based registration performance is compared to the standard alignment
procedure using intraoperative CT. We report target registration error (TRE) and
computation time. In addition, the scans’ trajectories were analyzed to identify vertebral
regions that provide the most relevant features for the alignment.

Results: For all acquisitions, the median TRE ranged from 1.42 mm to 1.58 mm and the
overall computation time was 9.04 s ± 1.58 s. Fourteen out of 120 iUS acquisitions (11.66%)
yielded a level-to-level mismatch (and these are included in the accuracy measurements
reported). No significant effect on accuracy was found with CT resolution (F(2,10) = 1.70, p =
0.232), depth (F(1,5) = 0.22, p= 0.659) nor frequency (F(1,5) = 1.02, p = 0.359). While
misalignment increases linearly with the distance from the imaged vertebra, accuracy was
satisfactory for directly adjacent levels. A significant relationship was found between iUS scan
coverage of laminae and articular processes, and accuracy.

Conclusion: Intraoperative ultrasound can be used for spine surgery neuronavigation.
We demonstrated that the IGNS system yield acceptable accuracy and high efficiency
compared to the standard CT-based navigation procedure. The flexibility of the iUS
acquisitions can have repercussions on the system performance, which are not fully
identified. Further investigation is needed to understand the relationship between iUS
acquisition and alignment performance.
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1Intra-operative Brain Imaging System: http://ibisneuronav.org/
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INTRODUCTION

Advancing technology and improvement in surgical techniques
have contributed to the rising incidence of patients receiving
surgical treatment for spinal metastatic tumours (1, 2). In the last
two decades, significant efforts have been made to develop
image-guided neurosurgery (IGNS) systems for spine oncology
in traditional open surgery (3, 4), in minimally invasive and
robotic surgeries (5–7) and in ablative therapy (8–11).
Neuronavigation performed by IGNS allows the digital
tracking of surgical instruments with respect to diagnostic
imaging, therefore facilitating tumour localization, anatomy
visualization and monitoring surgical progress. For most
commercial IGNS systems, computed tomography (CT) is the
preferred imaging modality for spine interventions. CT images
yield good visualization of bone anatomy, suitable for fusion
instrumentation. In addition, the accessibility of mobile scanners
offers some flexibility for intraoperative imaging in the operating
room (OR). However, there is a non-negligible risk of ionizing
radiation exposure to the patient and, perhaps more impotently
to the surgical staff, associated with intraoperative CT imaging
(12). Alternative approaches have investigated magnetic
resonance (MR) imaging to reduce radiation exposure (13–16).
Although intraoperative MR provides high image resolution and
good soft tissue contrast, restrictions due to high costs and
ferromagnetic compatibility of surgical instruments limit its
application in the OR.

Recently, the use of intraoperative ultrasound (iUS) has
gained attention for spinal neuronavigation (17). While the
many advantages to using iUS imaging include safety, real-
time acquisition, cost-efficiency and reduced footprint in the
OR, the role of iUS in spinal surgery is not fully defined and
remains under investigation (18). Ultrasound acquisition has
some limitations in the OR. For example, the small field of view
obtained from an iUS scan reduces the ability to observe deep
structures, limiting its application to mostly posterior surgical
approaches. Moreover, low ultrasound signal propagation
through dense bone tissues induces shadow artifacts and
makes navigation using iUS images challenging. To address
these limitations, iUS-based IGNS systems do not use
ultrasound images for diagnosis or visual navigation. Rather,
iUS is used to collect anatomical features in order to establish
patient alignment with preoperative CT or MR images. Then, the
navigation is performed on the preoperative images.

In our previous work (19), we introduced an open-source and
freely available IGNS system based on iUS imaging which allows
for CT-to-iUS image alignment for spine instrumentation.
Although the system was able to achieve satisfactory results for
the alignment of one vertebra at a time, the full capabilities of
such a system in variable acquisition conditions are unknown.
This paper investigates the limitations associated with the
usability of the system on a porcine cadaver. Specifically, we
are interested in the following questions: (i) is there a specific CT
and/or ultrasound imaging parameters that impact the accuracy
of the system? (ii) how do alignment errors, located on a specific
vertebra, propagate to adjacent vertebral levels? and (iii) can we
identify patterns of ultrasound acquisitions that affect accuracy?
Frontiers in Oncology | www.frontiersin.org 2
In a controlled experimental study, we explore the feasibility of
ultrasound-based neuronavigation for the lumbar spine. We
report the results in terms of accuracy, robustness and
effectiveness and discuss the usability in clinical conditions.
MATERIALS AND METHODS

Navigation System
The IGNS system is composed of three main components
(Figure 1): an ultrasound scanner, a tracking camera and a
computer station. The first component is an ultrasound unit with
a linear probe (BK3500/14L3 probe, BK Medical, Peabody, MA,
USA). The probe’s contact surface is 14 mm wide and small
enough to fit inside the surgical cavity to acquire intraoperative
images. The second component is a tracking camera
(FusionTrack 500, Atracsys, Puidoux, Switzerland). It is used
to determine the spatial location of infrared light-reflecting
spheres rigidly fixed to surgical instruments. In this study, the
tracked instruments consist of a planar blunt probe PN960-556
(Medtronic, Dublin, Ireland) used as a pointer, the iUS linear
probe and a rigid body reference. The instrument positions are
expressed in the reference coordinate system, therefore
accounting for patient movement during navigation. The third
component is a computer station that runs IBIS1, an open-source
neuronavigation software developed in our laboratory (20). IBIS
provides common navigation functionalities such as 3D data
visualization, ultrasound probe calibration, ultrasound
acquisitions, volume reconstruction and patient registration,
and has been evaluated in the operating room for brain
tumour resection (21, 22).

The iUS probe is calibrated prior to the experiments. This
determines the spatial correspondence between the iUS image
space (in pixel) and the patient space (in millimeters) with an
accuracy ranging between 0.49 mm and 0.82 mm (23). The
intraoperative procedure to establish navigation is as follows:
First, the open cavity is filled with a saline solution to allow
ultrasound image acquisition. The operator performs an axial
iUS sweep along the caudo-cranial direction, starting from the
inferior to the superior aspect of the vertebra (24). The data
collected data are automatically provided to the IBIS station, and
the CT-to-iUS spatial correspondence is computed by aligning
the hyperechoic response produced by the bone surface on the
iUS images with the precomputed posterior vertebral surface
extracted from CT images (19, 25). Once the registration is
completed, the tracked instruments are located on preoperative
CT images for navigation.

Data
Lumbar spines of porcine cadavers are commonly used for
validation of spinal instrumentation due to their similarity
with human specimens and the limited ethical issues they
involve (26, 27). For this study, a lumbosacral section of a 80
Kg pig, in which vertebrae L1 to L6 were present, was obtained
March 2021 | Volume 11 | Article 619204
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from a local butcher shop. The specimen was attached to a rigid
frame to prevent intervertebral motion. A rigid body reference
containing 4 infra-red reflective spheres was attached to the
frame and serves as a dynamic reference object (DRO). The role
of the DRO is two-fold. First, it serves as a reference coordinate
space for the tracked instruments. The rigid frame ensures a fixed
spatial relationship between the DRO and the specimen, allowing
the instruments to be tracked with respect to the anatomy (see
Figures 2A–C). Note that in spine surgery, the DRO is usually
attached to the spinous process of the target vertebra, an adjacent
vertebra or the iliac bone depending on the level of the target.
Second, because the spheres are visible on the CT images, they
are used to obtain a ground truth alignment for experiments. This
procedure is similar to the one used by commercial systems that
are based on intraoperative CT scanners. In this study, we
compare the accuracy of our iUS-based neuronavigation
system against the standard IGNS procedure based on
intraoperative CT.

Before the experiment, the specimen was placed in a supine
position and imaged using a clinical CT scanner (Aquilion ONE,
Canon Medical, Otawara, Japan). Vertebral levels were manually
identified on the CT scan. For each vertebral level, three
corresponding CT volumes were reconstructed with a
resolution of 0.5mm × 0.5mm × 0.5mm, 1mm × 1mm × 1mm,
and 2mm × 2mm × 2mm. Then, the frame was flipped over to
have the specimen in prone position and vertebrae L1 to L6 were
exposed. Multiple iUS acquisitions were performed for each
vertebral level with different depth and frequency parameters
(see Figure 2D). Specifically, we investigated the effects of probe
depth at 5 cm and 7 cm, and frequency of 6 and 12 MHz. The
remaining ultrasound probe parameters were kept the same for
Frontiers in Oncology | www.frontiersin.org 3
all the acquisitions. For each depth–frequency combination, 5
similar independent iUS scans were acquired per vertebra
yielding a total of 5 acquisitions × 2 frequencies × 2 depths ×
6 vertebrae = 120 ultrasound scans. All the acquisitions were
performed by the same operator. During iUS scanning, the probe
was oriented in the antero-posterior direction and the 5
repetitions were performed with a slight but not significant
variation in the left-right orientation and acquisition speed.
This aims at reflecting the variability that may occur during a
particular iUS acquisition protocol.

Ground Truth Alignment
A single ground truth alignment is used for all the vertebrae. The
alignment is obtained using a rigidly fixed DRO, similar to the
procedure employed in CT-based intraoperative navigation.
The procedure consists in a pair-wise matching of the
position of the spheres visible on CT images with their
respective position obtained from the camera tracking. The
spheres appear bright on CT images and can be precisely
segmented using a thresholding technique. The coordinates of
each sphere’s center are then computed and used to obtain the
spatial transform between the navigation space and the CT
imaging space using a rigid-body landmark registration (28).
This transform serves as the ground truth alignment when
evaluating accuracy. Note that the validity of the ground truth
alignment is subject to the assumptions that the specimen is
fixed to the frame and that the spatial transform is exact. While
violation of the former assumption would invalidate the ground
truth, violation of the latter assumption could result in
increasing ground truth misalignment as the distance from
the DRO increases due to angular misalignment errors.
FIGURE 1 | Setup of the ultrasound-based image-guided neurosurgery system.
March 2021 | Volume 11 | Article 619204
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Performance Metrics
The IGNS system is evaluated according to three major criteria:
accuracy, robustness and effectiveness. The accuracy is defined as
the target registration error (TRE) resulting from the difference
between the alignment obtained using the proposed iUS-based
method and the ground truth alignment. For each vertebral level,
the TRE is given by the root mean square of the Euclidean
distance computed at 7 anatomical points located on the vertebra
surface, corresponding to the apex of the spinous process, left
and right laminae, left and right superior articular processes and
tips of the left and right transverse processes. Note that the
landmarks are identified on the CT images. Therefore, the TRE
gives the error between the alignment obtained with the iUS-
based neuronavigation and the one obtained with standard IGNS
procedure based on intraoperative CT imaging (i.e., ground truth
alignment). The alignment is considered satisfactory if the TRE is
below 2 mm, which is the clinical threshold suggested for spinal
navigation (29). The robustness is measured by the success rate
(in %) defined as the fraction of acquisitions that achieved
satisfactory alignment, (i.e., TRE <2mm). Finally, the
effectiveness is measured by the overall computation time
required to complete the registration.

The vertebral level where the TRE is computed indicates the
accuracy of the alignment at that location. This is particularly
Frontiers in Oncology | www.frontiersin.org 4
true for angular errors, where a slight angular misalignment at
L6, for example, can lead to a large error at L1. Note that for
commercial intraoperative CT-based IGNS systems in which the
alignment is performed using the DRO’s reflective spheres, it is
recommended to position the DRO near the vertebral levels
receiving treatment. In our experiment, if an iUS acquisition
covering a given vertebra yields a good result, we wish to identify
how the accuracy propagates to other vertebral levels. Therefore,
for each iUS acquisition, the TRE is computed on all vertebrae.

Ultrasound Acquisition Coverage
To gain insight into how the iUS acquisition affects the alignment
outcome, we examine the vertebral anatomy coverage produced
by the ultrasound scan. In other words, the coverage is defined as
how much and what part of the vertebra surface was imaged
during iUS acquisition. The goal of this metric is to investigate
the relationship between the iUS acquisition and the success of
the alignment. To obtain the coverage, we first manually
segmented the vertebrae on each CT volume at the resolution
of 0.5mm × 0.5mm × 0.5mm. For each vertebra, five labels were
identified (see Figure 3A): the spinous process (SP), laminae (L),
pedicles and vertebral body (VB), inferior and superior articular
processes (AP), and transverse processes (TP). In addition to
these labels, we include the coverage of the vertebrae located one
A B

C D

FIGURE 2 | Porcine cadaver data acquisition: (A) specimen in supine position attached to a rigid frame, (B) specimen in prone position redy for surgery, (C) CT
volume rendering of the porcine cadaver, and (D) intraoperative ultrasound acquisition.
March 2021 | Volume 11 | Article 619204
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level inferior and one level superior. This is because the
acquisition starts at the inferior most part and ends at the
superior most part of the vertebra, therefore we need to
account for the existing overlap between vertebrae. Then, the
CT segmentation is aligned with the iUS acquisition using the
ground truth transform. Finally, the coverage is given by the sum
of CT voxels within the segmentation that intersect with the iUS
image planes. We assume no ultrasound penetration over bone
tissues, therefore, only the first voxel encountered along the iUS
image column is considered in our model (see Figure 3B).

Statistical Analysis
Two models were used to analyze the coverage effect on the
alignment performance. The first model aims at understanding
the impact that label combinations can have on the alignment
outcome. Recall that the experimental design includes six vertebral
levels, and for each level, two sub-groups of different frequencies
and depths are constructed, each consisting of 5 repeated
acquisitions. Therefore, a linear mixed-effect model is used (30).
Frontiers in Oncology | www.frontiersin.org 5
The model evaluates the TRE outcome considering every possible
interaction between labels, and accounting for the group variance of
vertebral levels and the sub-group variances of frequency and depth
per level. The second model aims at understanding whether the
coverage has an implication in causing level misalignments. The
rationale is fact that coverage expresses the level location where
the acquisition has been taken. In other words, if the acquisition is
not centred on the correct vertebral level, we expect the coverage
to be lower for the labels (SP, L, VB, AP, and TP) and higher for
the adjacent levels (labels associated with inferior and superior
levels). A binary response of level misalignment was created from
the TRE results such as we associate a negative response to level
misalignment if the TRE is lower than 10 mm and a positive
response otherwise. Similar to the first model, we used a binomial
mixed-effect model to account for group and sub-group variances
of level, frequency and depth. However, because we are not
interested in the different label interactions, a single independent
variable representing the sum of all labels excluding adjacent levels
is considered.
A

C

B

FIGURE 3 | Ultrasound acquisition coverage: (A) labels associated with vertebra segmentation – spinous process (SP), superior and inferior articular processes (AP),
laminae (L), transverse processes (TP) and pedicles and vertebral body (VB); (B) illustration of coverage counting, only the first voxel encountered along ultrasound
image columns is considered; and (C) median distribution of labels’ coverage including voxels of one level inferior (Inf) and one level superior (Sup) vertebrae, error
bars represent first and third quartiles.
March 2021 | Volume 11 | Article 619204
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Intensity Profile
Ultrasound bone appearance varies significantly depending on
the acquisition and probe positioning, for example in the case of
occlusions caused by shadow artifacts. In order to gain insight
into how the bone surface appears in ultrasound images, we
analyzed the intensity profile of a line passing from the bone
tissue to the cavity of L5, through the lamina. The intensity
profile represents the values of image intensity along a line
segment. Therefore, it is possible to observe changes in
intensity as the line traverses the bone surface. We analyze the
intensity profile of the 20 iUS acquisitions performed on the
vertebra. The median intensity and the interquartile range are
reported. To compare the same segment through different
acquisitions, we first align the iUS acquisitions with the CT
image using the ground truth alignment. Then, the intensity
profile is computed using the same line position through
all acquisitions.
RESULTS

Imaging Parameters
Table 1 shows the results obtained with the different CT
resolutions and ultrasound depth and frequency parameters.
For all the CT volume resolutions, the median TRE ranges
from 1.42 mm to 1.58 mm. Out of the 120 acquisitions, 79
(65 %) to 84 (70 %) iUS scans were successfully aligned (i.e., TRE
<2mm). No significant effect was found between the accuracy
and the CT resolution (F(2,10) = 1.70, p = 0.232). Although a
slightly lower median TRE of 1.33 mm was achieved using a
depth of 5 cm and a frequency of 12 MHz, there is no significant
effect of depth (F(1,5) = 0.22, p = 0.659) nor frequency (F(1,5) =
1.02, p = 0.359) on the accuracy. Regarding effectiveness, CT and
iUS imaging parameters did not affect the computation time. The
overall computation time is 9.04 s ± 1.58 s.

We observed that for some acquisitions the iUS was aligned to
the wrong vertebral level, mostly one vertebral level above or
below the target level. For these vertebral level mismatch cases,
the resulting TRE is very large, typically over 10 mm. All CT
resolutions confounded, such cases represent 14 out of 120
(11.67 %) acquisitions and have a median TRE of 67.17 mm ±
15.73 mm. Note that the overall TRE results presented above
include those cases. If these mismatch cases are removed, the
Frontiers in Oncology | www.frontiersin.org 6
overall median TRE for all experiments is reduced, from
1.43 mm to 1.29 mm, from 1.58 mm to 1.48 mm, and from
1.42 mm to 1.32 mm for each CT resolution. Vertebral level
mismatch cases are distributed as follows: 1 case at L1 (5 %), 1
case at L2 (5 %), 1 case at L3 (5 %), 2 cases at L4 (10 %), 6 cases at
L5 (30 %), and 3 cases at L6 (15 %). Because of the anatomical
similarity between vertebrae, it is not trivial to identify a level
misalignment by visual inspection.

Error Propagation
The alignment results obtained for each vertebra were used to
compute the TRE across all other vertebral levels. Figure 4A
shows the propagation of the TRE for each CT resolution. Each
row corresponds to the location where the iUS acquisition was
performed and each column corresponds to the location where
the TRE was computed. The best alignment results are located on
the diagonal, i.e., close to the vertebral levels that have been
imaged and used to compute the registration. Note that along the
diagonal, there is no consistent increase of the TRE as the
measurements are done away from the DRO located at the most
inferior part of the frame (near L6). This supports the assumption
regarding the validity of the ground truth alignment as the angular
error is negligible. On the other hand, the error increases linearly as
it moves farther from the registered vertebral level (see Figure 4B).
The distance between each two successive spinous processes was
measured to be dL6/5 = 69.36 mm, dL5/4 = 35.33 mm, dL4/3 =
38.21 mm, dL3/2 = 39.38 mm, and dL2/1 = 39.46 mm. For all CT
resolutions, results for L1 show the worst performance with a
median TRE of 3.01 mm ± 0.43 mm computed on L1, and
increases to 7.96 mm ± 0.69 mm on the farthest vertebra L6
located at a distance of 221.74 mm away.

Coverage Results
A histogram of ultrasound acquisition coverage of the labels is
shown in Figure 3C. Note that for the additional inferior and
superior levels, the entire anatomy of the vertebra was considered
as a single label, therefore resulting in a higher coverage value.
Among all vertebra labels, AP showed the highest coverage
values (mean 1485.5 voxels) for all the scans, followed by L
(mean 1004.2 voxels) and SP (mean 944.1 voxels), respectively.
Labels associated with VB and TP were only visible for
acquisitions with an ultrasound depth of 7 cm. VB showed the
lowest coverage values as it is only visible from the gap located in
the intervertebral space.
TABLE 1 | Summary results of accuracy and computation time for different imaging parameters.

CT US US Median Successful

Resolution Depth Frequency TRE (mm) IQR (mm) acquisition (%) Time (s)

0.5 mm × 0.5 mm × 0.5 mm – – 1.43 1.15 70.00 9.21
1 mm × 1 mm × 1 mm – – 1.58 1.83 65.83 8.49
2 mm × 2 mm × 2 mm – – 1.42 1.43 67.50 8.84
– 5 cm 6 MHz 1.47 1.76 68.89 8.33
– 5 cm 12 MHz 1.33 1.00 73.33 8.29
– 7 cm 6 MHz 1.68 1.23 64.44 9.74
– 7 cm 12 MHz 1.48 1.73 64.44 9.01
Marc
h 2021 | Volume 11 | Articl
All parameters confounded are indicated by (–), TRE, target registration error; IQR, interquartile range, Successful acquisition: the fraction of iUS acquisitions achieving a TRE below 2 mm.
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After removing the 14 outliers representing level
misalignment cases, we fit the remaining TRE data with the
model that includes all possible interactions between the labels. A
significant relationship was found between the coverage amount
of label L (p = 0.012) with negative correlation, as well as the
combination of labels L and AP (p = 0.035) with positive
interaction correlation, on the TRE measure. No significant
effect was found for other label combinations. To identify the
potential effect of coverage on causes of level misalignment, we fit
the level misalignment outcomes to the binomial mixed-effect
model, as described in Section 2.6. However, no statistically
significant relationship was found between the acquisition
coverage and level misalignment.
DISCUSSION

Effect of Imaging Parameters
We conducted a thorough experiment on a porcine cadaver to
investigate the capabilities and limitations of our neuronavigation
system for spine surgery. The system relies on optical trackers and
intraoperative ultrasound imaging to efficiently establish patient
alignment, which is then used to provide neuronavigation on
preoperative CT images. In this study, we evaluated the
alignment quality as the resolution of preoperative CT images
varies from
Frontiers in Oncology | www.frontiersin.org 7
0.5mm × 0.5mm × 0.5mm to 2mm × 2mm × 2mm. The
overall median TRE ranges between 1.42 mm and 1.58 mm
across all CT resolutions, which meets the clinical accuracy
requirements of 2 mm for spinal navigation (29). Although a
finer CT resolution provides a better representation of
anatomical details, we found no significant impact on the
quality of the final alignment. This can be explained by the
intrinsic characteristics related to ultrasound bone imaging,
specifically, the signal variation of ultrasound response near
the bone-tissue interface. The intensity at the vertebral surface
varies depending on signal strength, bone density and incidence
angle of the ultrasound waves caused by the probe orientation
with respect to the surface. Figure 5 illustrates the distribution of
the intensity profiles crossing the lamina of L5 for all 20
ultrasound acquisitions. While the vertebral surface on the CT
image can be easily extracted, even with slice thickness of 2 mm,
the intensities of the ultrasound images at the vertebral surface
are more widely distributed, rendering the identification of the
exact location of the vertebral surface challenging.

We investigated the effects that basic ultrasound parameters,
including depth and frequency, have on the alignment quality.
We first explore whether anterior structures of the vertebra,
located deeper in the cavity, provide relevant features for the
alignment. We then tested the effect of the probe frequency on
the alignment. While low probe frequencies enable deeper tissue
penetration and provide information on underlying vertebral
A

B

FIGURE 4 | Propagation of target registration error along vertebral levels: (A) rows correspond to the levels where iUS acquisitions were performed and columns
correspond to the levels where TRE was measured, and (B) linear regression of the TRE accounting for the space between vertebral levels.
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structures, high probe frequencies provide a better image quality.
In our experiment, increasing ultrasound depth and frequency
did not show any significant improvement in the accuracy. The
iUS acquisitions are performed in open surgery, in which the
posterior part of the vertebra is exposed. The ultrasounds
propagate through the saline solution in the cavity with
negligible signal loss before encountering the bone surface.
Therefore, signal loss usually associated with tissue absorption
did not play a critical role in alignment accuracy.

The IGNS system was evaluated based on the alignment of a
single vertebra at a time, meaning that the information used to
establish the alignment is associated with one vertebral level in
the pre- and intra-operative images. This intentional design is
meant to avoid errors due to intervertebral motion caused by
spine curvature changes, resulting from a typical preoperative
CT scan in supine position while the iUS images are acquired in
prone position during surgery. Assuming no spine curvature
changes, we evaluated the propagation of the alignment error
along the vertebral levels. Overall, the alignment accuracy was
satisfactory for directly adjacent vertebral levels, i.e., one level
superior and one level inferior to the vertebra level used to
establish the alignment. The accuracy is sufficient for
instrumentation of three vertebral levels per iUS alignment.
This reduces the number of iUS acquisitions needed to
establish navigation during surgery, decreasing considerably
intraoperative time and surgical workflow interruptions.
However, the best accuracy results were obtained at the
vertebral level where the iUS acquisition was performed.
Therefore, it is recommended to perform the alignment
procedure on the vertebra being instrumented. The
computation time is ∼10 seconds and we estimate the iUS
acquisition time to be less than one minute, which makes the
alignment procedure significantly faster than the standard
intraoperative CT navigation, estimated to be 15–20 min. In
addition, for surgeries involving several vertebral levels, the DRO
needs to be re-positioned near the instrumented vertebral level.
In such a case, the intraoperative CT procedure needs to be
performed again.
Frontiers in Oncology | www.frontiersin.org 8
Intraoperative Acquisition
The iUS acquisition plays a crucial role in the resulting quality of
the alignment. In our IGNS system, the iUS acquisition is
expected to be a linear scan from inferior to superior parts of
the vertebra. This predefined constraint is used to initialize the
alignment so that the iUS and the CT volumes are located in the
same space and in the same orientation. We draw the reader’s
attention to the low accuracy results obtained with L1 (see Figure
4). This specific limitation has been caused by difficulties
encountered while performing iUS acquisitions at L1. Because
we could not extend the surgical opening beyond L1 without
risking the perforation of the cavity, the width of the opening at
that location was narrow, restricting the probe’s motion. Note
that this scenario is unlikely to happen during real surgery, as the
vertebrae receiving treatment are more widely exposed.
Nevertheless, this highlights an underlying limitation of iUS-
based IGNS systems, in which the ultrasound probe physical
dimensions need to be accounted for during data acquisition in
open spine surgery. Probes with small size are to be preferred.

To understand which part of the vertebra provides the most
relevant features for the alignment, we identified 5 regional
vertebral labels and analyzed coverage data produced by the
120 iUS acquisitions performed during the experiment. Results
revealed a significant relationship between the accuracy and the
iUS coverage of laminae and superior and inferior articular
processes. The negative correlation between the laminae
coverage and the alignment error indicates that accuracy
increases (error is reduced) with more laminae coverage.
Similar results apply to the combination of laminae and
articular processes coverage as a positive interaction was found
between the two labels. This seems to be consistent with the fact
that articular processes and laminae are the most prominent
structures in posterior approaches for open spine surgery. Note
that the coverage of the spinous process did not show a
significant effect on accuracy. One would expect the spinous
process to play a role in the alignment since it is the most
exposed part of the vertebra. However, the shape of the spinous
process forming a crest in the anterio-posterior direction does
A B

FIGURE 5 | Intensity profile across the vertebral surface of L5: (A) illustration of the profile line (green) crossing the vertebral surface (red) at the lamina on CT image;
and (B) plot of the intensity profiles of CT vertebral surface (red), median intensity of 20 iUS acquisitions performed on L5 (blue) and the associated interquartile range
(light grey).
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not represent a good anatomical feature for the iUS acquisition.
This is because most of the spinous process anatomy is in the
same direction as the ultrasound beams produced by a posterior
scan, resulting in low signal response along the spinous process.
Note that one side of the spinous process can be imaged with the
probe slightly tilted to the left or to the right of the vertebra.

Although we identified vertebral regions that provide relevant
features, we have been unsuccessful to specifically determine the
cause of alignment failures. From the ultrasound acquisitions, we
found no particular pattern that seems to increase or decrease the
alignment accuracy. To reduce scan variability, and perhaps
increase robustness, a combination of multiple iUS acquisitions
that allows the formation of a homogeneous ultrasound volume
can be explored in the future.

Limitations
Regarding iUS acquisition, we used a linear ultrasound probe to
collect intraoperative data. While linear probes have typically a
higher frequency and thus a better depth image quality than
curved probes, the resulting acquisitions have a smaller field of
view, especially for imaging lateral parts of the vertebra. This
limits the coverage of the transverse processes. In our
experiment, only the proximal parts of the transverse processes
were visible when the probe’s depth was set to 7 cm. Future work
will involve investigating the use of a curved probe for spinal
IGNS, which would provide a wider field of view.

The model presented to quantify the ultrasound acquisition
coverage has two major limitations. First, the model assumes
no bone penetration, meaning that the coverage only accounts
for the first voxel at the surface of the vertebra. While this
allows identifying parts of the vertebra prominently exposed to
the ultrasound, it does not account for underlying tissues that
may result be imaged, especially for low frequency acquisitions.
The second limitation involves the oversimplification of the
ultrasound wave propagation. In our model, we assume the
propagation to be linear along the ultrasound image columns,
therefore, only accounting for the longitudinal ultrasound wave
travel. In reality, the propagation has a transverse wave
component that allows objects adjacent to the ultrasound
image column to be imaged. Moreover, the oversimplification
of the ultrasound wave does not consider the angular incidence
of the beam on the bone surface. As a result, the model does
not account for the intensity response of the ultrasound images.
A more complex model would provide more accurate coverage
information as it would include reflections and bone
penetration which characterize the visibility of the vertebral
surface on iUS images.

Finally, measurement of accuracy was carried out under the
assumption of a rigid spine. The vertebrae were fixed to a metal
frame to prevent intervertebral motion. Therefore, the DRO
could be placed at a distant location, i.e., the edge of the frame,
without invalidating the TRE measurements. In surgery, the
spine curvature is subject to variation due to instrumentation,
respiratory motion and patient positioning. The placement of the
Frontiers in Oncology | www.frontiersin.org 9
DRO for neuronavigation is critical as a distant DRO could result
in large inaccuracies (31). Further work is needed to investigate
how spine curvature changes may affect accuracy.
CONCLUSION

In this paper, an ultrasound-based neuronavigation system for
spine surgery was evaluated on a porcine cadaver. The overall
accuracy of the system ranges between 1.42 mm and 1.58 mm
meeting the clinical accuracy requirement of 2 mm for spine
navigation. The system demonstrated high robustness to
different CT resolutions, ultrasound depth and frequency
parameters. We analyzed multiple ultrasound acquisitions and
identified both laminae and articular processes to provide
relevant features for image alignment. However, the system
suffers some limitations related to the intraoperative
acquisitions with ultrasound. Fourteen out of the 120 trials
resulted in a one-level-off misalignment. These misalignments
can be difficult to identify visually and require particular
attention. Additional work needs to be carried out to
understand ultrasound acquisition patterns that yield the best
alignment results.
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