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Abstract

During the last two decades, intra-operative ultrasound (iUS) imaging has been employed for various surgical
procedures of the spine, including spinal fusion and needle injections. Accurate and efficient registration of
pre-operative computed tomography or magnetic resonance images with iUS images are key elements in the
success of iUS-based spine navigation. While widely investigated in research, iUS-based spine navigation
has not yet been established in the clinic. This is due to several factors including the lack of a standard
methodology for the assessment of accuracy, robustness, reliability, and usability of the registration method.
To address these issues, we present a systematic review of the state-of-the-art techniques for iUS-guided
registration in spinal image-guided surgery (IGS). The review follows a new taxonomy based on the four
steps involved in the surgical workflow that include pre-processing, registration initialization, estimation of
the required patient to image transformation, and a visualization process. We provide a detailed analysis
of the measurements in terms of accuracy, robustness, reliability, and usability that need to be met during
the evaluation of a spinal IGS framework. Although this review is focused on spinal navigation, we expect
similar evaluation criteria to be relevant for other IGS applications.
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1. Introduction

Many pathologic factors such as traumatic, metabolic, toxic, genetic, vascular, and infectious factors are
identified as causes of degenerative changes of the spine responsible for spinal instability (Gallucci et al.,
2007). When medication and physical therapy fail, patients with spinal instability may consider undergoing
surgery, in which a spinal fusion procedure is required to correct a spine deformity or to sustain the spine
structure post-operatively. The surgery consists in rigidly fusing multiple vertebrae using rods and bone
grafts to help stabilize the spinal column. The rods are fixed to each vertebra using screws implanted within
the vertebral pedicles. A pre-operative computed tomography (CT), intraoperative CT, or intraoperative
3D fluoroscopy is often used to plan the entry point and trajectory of the pedicle screws. During surgery, the
posterior part of the vertebra is exposed and the surgeon is required to mentally align the drilling trajectory
to match the surgical planning, based on knowledge of patient’s anatomy (Merloz et al., 1997). Often 2D
fluoroscopy is used to refine pedicle screw trajectories to prevent erroneous placement of a pedicle screw.
Despite 2D fluoroscopy, there is still a small but significant risk of screw misplacement (Kast et al., 2006;
Di Silvestre et al., 2007; Sarlak et al., 2009; Hicks et al., 2010; Gelalis et al., 2012).

During the last two decades, the number of annual spinal fusion procedures has known a significant in-
crease in the United States, where over 413,000 interventions were reported in 2008 (Rajaee and Delamarter,
2012), with a 56.4 % increase between 2003 and 2012 (Bernstein et al., 2017). This trend is supported by the
development of new technologies for navigated instrumentation, reducing risks of neurological and vascular
complications associated with screw malpositioning, involving pedicle fractures, weak/loose fixation, pleural
effusion, dural tears and wound infections (Smith et al., 2014; Gebhard et al., 2004; Austin et al., 2002).
Moreover, advanced techniques involving minimally invasive spine surgery for spinal fusion have been consid-
ered using computer-assisted navigation systems. Such systems are categorized into three groups: 1) passive
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Figure 1: Image guided surgery system: (a) tracking camera, (b) tracked pointer, (¢) dynamic reference object (DRO), (d)
tracked instrument (drill) and (e) computer station.

navigation provides the surgeon with real-time spatial position of surgical instruments with respect to the
patient anatomy, without interfering with the surgeon’s action; 2) semi-active navigation limits the sur-
geon to only perform pre-operatively planned actions; 3) active navigation performs pre-operatively planned
actions without surgeon interaction. For spine surgery, the current clinical practice is based on passive
navigation using image-guided surgery (IGS) that allows visualization of the projected drilling trajectory
and the surgical plan to assist the surgeon to find the optimal entry point and angular orientation of the
pedicle screw.

1.1. Image-guided spine surgery

A typical IGS system consists of three major components (see Fig. 1): 1) a tracking device, 2) tracked
tools, and 3) a computer station. Most tracking devices rely on an optical tracking camera to localize
infrared light-emitting diodes or infrared light-reflecting spheres, rigidly fixed to surgical instruments (i.e.,
tracked tools), to determine their spatial positions in the operative field. Note that alternative tracking
systems use electromagnetic (Sagi et al., 2003) or ultrasonic (O’Donnell et al., 1994; Laurijssen et al., 2017)
technologies, but are less frequent in spine surgery. In addition to the instruments needed for surgery, the
navigation system tracks a pointer (or stylus) and dynamic reference object (DRO). The pointer is calibrated
prior to the surgery so that the 3D coordinate of the pointer tip is known by the navigation system, and
is commonly used to identify 3D points on the patient’s anatomy. The DRO is a rigid body, tracked by
the camera, that is attached to the spinous process of a neighboring vertebra or iliac bone and serves as
a coordinate reference frame. Tracking information is sent to a computer station, in which pre-operative
images are aligned with the tracked instruments and visualized in real-time.

To allow navigation, a key step in IGS is finding the corresponding spatial transformation between preop-
erative images and the current patient anatomy. A straightforward method to estimate this transformation
is to use manual landmark-based registration. This is done by using the pointer to locate physical landmarks
on the patient anatomy, usually, the tips of transverse processes and spinous processes (Girardi et al., 1999),
while the same landmarks are identified on the pre-operative images. A rigid transform is calculated by
finding the pair-wise point correspondence. However, the rounded extremities of transverse and spinous
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processes do not provide good landmark candidates that can be uniquely identified within the vertebra
anatomy, thereby affecting the registration quality. Another approach is to use surface-based registration.
Instead of locating specific landmarks on the vertebra, the surgeon collects a large number of points that lie
on the surface of the vertebra. These points are registered with pre-computed surface points extracted from
the pre-operative CT image. The time required to achieve manual landmark-based registration is estimated
to be 10 to 15 min per vertebra (Yan et al., 2011) and the procedure may require significant surgical exposure
of the vertebra. To obviate the need for this exposure, single element transducer ultrasound probes have
been employed to collect surface points non-invasively (Carl et al., 1997; Mozes et al., 2010; Amstutz et al.,
2003). While the approach is non-invasive, allowing vertebra registration in minimally invasive surgeries, the
method inherits manual-registration limitations, i.e., the difficulty of locating candidate points and the long
manual procedure time. In addition, because the acoustic device relies on acoustic impedance properties, a
prior calibration is required to characterize the bone surface acoustic response, but this response depends
on the patient bone properties and the incidence angle of the ultrasound beam, which may result in errors
of surface location estimation.

In the early 2000s, intra-operative CT was employed to overcome the limitations of manual landmark
identification on patient anatomy. Prior to the imaging, titanium screws (approximately, 2 mm diameter,
5mm length) can be implanted into the vertebra to serve as fiducials for landmark-based registration. The
screws appear on the CT images and their corresponding locations can be accurately collected using a tracked
pointer (Haberland et al., 2000), however, these screws represent an additional invasive surgical manipulation
just for registration. Current commercial navigation systems for spine surgery allow the acquisition of 2D
fluoroscopy or 3D CT intra-operative images, e.g., the O-arm (Medtronic inc., Minneapolis, MN, USA),
Airo Mobile (Brainlab, Feldkirchen, Germany), SpineMask (Stryker, Kalamazoo, MI, USA) or Ziehm Vision
FD Vario 3D (Ziehm Imaging, Orlando, FL, USA). We refer interested readers to the recent survey of
commercial robotic-assisted spine surgery systems (Overley et al., 2017). To achieve non-invasive patient
alignment, the DRO is attached to the patient before CT imaging, which allows the DRO’s reflective spheres
to appear clearly on the CT images, facilitating their identification. The location of the spheres in the image
coordinate frame is computed and used for registration with their corresponding tracked positions given
by the tracking camera. The advantage of intraoperative CT is two-fold: First, the registration procedure
is fully automated. Second, intra-operative CT provides updates of the patient anatomy during surgery
(Rahmathulla et al., 2014; Gebhard et al., 2004; Costa et al., 2015), which accounts for patient movements
and change in the spine curvature. Intraoperative CT can yield a sub-millimeter target registration error
(TRE) of 0.80mm =+ 0.28 mm in spinal surgery (Carl et al., 2019a). However, the procedure introduces
risks of potentially harmful radiation exposure for both the patient and the operating room (OR) personnel
(Tabaraee et al., 2013; Rampersaud et al., 2000). In addition, the time required to achieve intra-operative
CT imaging is 15-20 minutes, including the time needed for draping the patient, adjusting the surgical
table, positioning the scanner, asking the staff to leave the OR for radiation safety, acquiring the images
and removing the scanner. Despite causing a significant interruption of surgical workflow, the use of intra-
operative CT imaging is becoming more accepted as a clinical routine for spine navigation in fusion surgery
(Waschke et al., 2013).

Non-ionizing imaging modalities have been investigated as alternative solutions for spine navigation.
Stereovision has been employed to reconstruct the exposed posterior surface of vertebrae and perform a
surface-based registration with pre-operative CT and MR (Ji et al., 2015; Jakubovic et al., 2018; Guha
et al., 2019b). While the collection of intra-operative anatomical surface points using stereovision is non-
invasive, the technique requires significant exposition of the posterior part of the vertebra, precluding its
application to minimally invasive surgery.

The use of intra-operative magnetic resonance (MR) imaging has been reported in a few cases in cervical
spine surgery (Woodard et al., 2001), cyst fenestration (Takahashi et al., 2008, 2009) and spinal laser
thermotherapy (Tatsui et al., 2017). Compared to fluoroscopy and CT imaging, MR imaging provides
better visualization of soft tissues, nerves, and the spinal cord. However, utilization of intra-operative MR
to perform spinal procedures remains very limited due to the high costs and the restrictive MR-compatibility
constraints of OR equipment and surgical instruments.

Intra-operative ultrasound (iUS) has been widely used for image guidance in neurosurgery (Comeau
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Figure 2: Workflow for CT-to-ultrasound registration.

et al., 2000; Unsgaard et al., 2006; Riva et al., 2017). The real-time acquisition provided by iUS imaging
allows for the update of the local anatomy undergoing surgery to account for brain shift in tumor resection
(Iversen et al., 2018; De Nigris et al., 2012; Nimsky et al., 2001), cerebral sparganosis removal (Nkwerem
et al., 2017) or ventricular catheter insertion (Heussinger et al., 2013). In spine surgery, clinical feasibility
of iUS imaging for the assessment of residual tumor after complete resection was investigated (Safl et al.,
2019). Yet, the iUS images were only used for live visualization and the navigation (i.e., image-to-patient
registration) was established using intraoperative CT. The development of standalone ultrasound-guided
navigation systems has been hindered by the low quality of iUS images. The high density of the bone
tissue induces strong absorption of the ultrasound signal. As a result, ultrasound images of bony structures
appear as a hyperechoic region located at the bone-tissue interface followed by shadow artifacts caused by
the signal drop off. For the complex anatomy of the vertebra, overlapping structures such as the inferior-
superior articular processes are subject to occlusion. Moreover, the intensity of the signal response depends
on the angle of incidence of the ultrasound beam when penetrating the bone. Hence, the image intensity
may vary significantly along with the bone-tissue interface. Nevertheless, the practicality of iUS imaging for
interventional applications encouraged the development of recent approaches for iUS-based spine navigation.
The driving idea was not to interpret the images directly for diagnosis or guidance, but rather, to employ
iUS imaging to collect anatomical features that are used to register the patient to pre-operative CT or MR
diagnostic images. The goal of this paper is to review the iUS-based registration techniques that have been
proposed for standard and minimally invasive spine interventions. Although this paper focuses on pedicle
screw fixation, similar registration principles involved in iUS-based navigation apply for other procedures
such as spinal needle injection, laminectomy or spinal decompression surgery, for example.

1.2. Ultrasound-based spine navigation

Figure 2 illustrates a typical iUS-based registration workflow. The registration framework consists of 4
blocks: the image pre-processing block, the initialization block, the registration block, and the visualization
block. The pre-processing block covers all data preparation steps that are performed prior to registration.
The second block concerns the initialization of the registration transform. This transform is often used as
a rough starting point from which the final registration is refined in the third block. The fourth and final
visualization or navigation block provides the surgeon with the display of surgical instruments overlaid on
the pre-operative images. We will use this workflow to organize the review below. Measurements used for the
validation of IGS navigation systems are discussed in Section 7. We consider evaluation criteria according
to accuracy, robustness, reliability, and usability as suggested by Cleary et al. (2000).

2. Search methodology

Figure 3 shows a diagram of the search strategy used in this review. Following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) 2009 guidelines (Moher et al., 2009), we
queried the PubMed database to which we manually added 37 selected references that were found relevant
to the review. The following search request was used:
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Figure 3: Selection process for studies included in the review.

((Spine OR Spinal OR Vertebrax) AND (Ultrasound OR Echograph#*) AND (Registration OR Alignx)
AND (navigat* OR guid*))

After duplicate removal, titles and abstracts of the resulting records were screened to eliminate non-
English and irrelevant entries. The full-text of the remaining entries were assessed for eligibility focusing
on works that address the registration problem of CT or MR to iUS images. The selection process involved
the following inclusion/exclusion criteria: The work should involve the use of ultrasound as intra-operative
imaging modality to perform spine navigation. The work should focus on spine applications: open-back
surgery or minimally invasive spine surgery. This includes pedicle screw fixation and needle guidance for
percutaneous spinal injections. Case studies are not included in this review. Finally, if work from a specific
research group or project had been published more than once and without significant modifications, only
the most recent publication was reviewed. In total, 53 articles satisfied these criteria and were selected for
review following the four blocks or the workflow in Fig. 2.

A comprehensive description of the reported methods is shown in Table 1. The following criteria were
taken into account: First, the type of registration indicates whether the registration processes multiple
vertebrae as a single rigid-body/deformable or allows group-wise vertebra registration to compensate for
spine curvature. In order to augment the anatomical visualization of percutaneous ultrasound images, a
model of the spine can be registered and overlaid on the iUS images. This type of registration is referred to
as a model-based registration. Second, validation performed on human/animal data provides a more realistic
scenario for experimentation, often resulting in a less accurate registration than with plastic phantom data.
We report the type of data and the anatomy on which the validation was performed for each study. Third,
because iUS images vary significantly from percutaneous to open-back surgery, it is worth considering the
type of surgery in which the registration has been applied. In some cases, prior knowledge about the
specificity of the iUS images can be used during the registration. For example, in open-back surgery images,
depth gain loss is negligible due to good ultrasound propagation through the saline solution; on the other
hand, percutaneous images may require depth intensity compensation of the ultrasound signal passing
through different tissues. This is particularly important when imaging subjects with high body mass index.
Fourth, the accuracy of the registration is reported when available. Note that it is not always possible to
obtain a ground truth registration transform to assess the registration quality, especially when dealing with
clinical data (i.e., human in vivo). In this case, the accuracy is assessed against a silver standard registration
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Figure 4: The pre-processing block involves volume reconstruction, feature extraction and intensity mapping. Dotted boxes
represent use case examples.

that is obtained using metric evaluation, several repetitions or manual retrospective registration. These
numbers are indicated by a ‘*’ symbol and used to assess the registration in the absence of the ground truth
transform. Finally, the computation time of the registration is reported when available. The computation
time includes the registration time and the pre-processing time without including the time required for
iUS acquisition and volume reconstruction, if applicable. Note that over 20 years, hardware computational
performance has significantly increased; in addition, some reported works may include non-optimized code,
which can render the computation time misleading. However, the computation time information as reported
in Table 1 provides an indicator on how iUS-based spinal navigation evolved in practice and how timing
constraints were addressed in the reviewed papers.

3. Image pre-processing

Before the registration, the data are prepared to enable the computations during the registration step.
Depending on the registration method considered (described below in Section 5), three types of data pre-
processing can be required (see Fig. 4): volume reconstruction, feature extraction and intensity mapping.
Note that the pre-processing step are not mutually exclusive and some registration approaches require more
than one pre-processing step. Pre-processing can have a significant impact on the registration time and
quality. In this section, we focus our analysis on intra-operative pre-processing, as the timing frame during
surgery is more critical.

3.1. Volume reconstruction

Commercial CT systems enable 3D reconstruction of volumes from the CT scans so that the CT volume
is available shortly after the pre-operative scan session. This is not the case for most iUS-based navigation
systems, where the acquisition consists of a sequence of tracked 2D ultrasound slices in which the position and
orientation of each frame are known. A volume reconstruction is required to transform the 2D acquisition
slices into a 3D compact volume (Solberg et al., 2007). Note that motorized ultrasound probes or 3D
ultrasound probes that use a 2D-transducer-array to obtain real-time 3D volume acquisitions can be used.
However, the restricted field of view of the imaged volume often requires a sweep to capture multiple volumes.
A volume reconstruction needs to be performed by compounding the volumes of the sweep.

Because the iUS images are spatially tracked, the features extracted from each individual frame, such as
vertebral surface points, form a 3D structure without the need for a volume reconstruction step. Therefore,
most feature-based registration techniques do not require a volume reconstruction step. Considering image-
based registration techniques, two types of approaches have been employed: volume-to-volume (i.e., 3D-3D)
registration and slice-to-volume (i.e., 2D-3D) registration. When referring to volume-to-volume registration,
the reconstructed volumes are compact, meaning that an intensity value is assigned to each voxel during
the reconstruction. This approach is the most popular technique in image-based registrations as more
information is contained in the volumes being registered. In general, slice-to-volume registration techniques
are used when one of the imaging modalities yields 2D images, such as ultrasound imaging or radiography.
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Because the relationship between the spatial positions of the iUS slices is fixed, the acquisition frames can
be processed as a rigid body during registration. A few papers reported the successful use of slice-to-volume
registration applied to CT-to-iUS vertebra registration (Penney et al., 2006; Yan et al., 2012a; Chen et al.,
2016).

It is also possible to create a sparse volume by compounding the images, in which in-between slice
voxels are not assigned intensity values. During the registration, only voxels that have been assigned an
intensity value in the sparse volume are used. This can be achieved by using a mask (Gueziri et al., 2019).
While volume compounding is less computationally expensive than volume reconstruction, the procedure
introduces intra-operative computation time.

3.2. Feature extraction

In this work, the term feature refers to specific anatomical and/or image characteristics that are spatially
defined in the patient space. The goal of feature extraction is to provide the coordinates of 3D spatial
anatomical structures that can be identified on both modalities and used for registration. During surgery,
the features can be collected using a tracked pointer in invasive surgery, using a tracked needle in minimally
invasive surgery or using a time of flight device (e.g., A-mode ultrasound) in non-invasive surgery (Amstutz
et al., 2003). In CT/MR-to-iUS image registration, the features need to be extracted from images then
converted into 3D spatial coordinates.

Most spinal fusion surgeries are performed using a posterior approach, with the patient placed in prone
position and the vertebrae accessed via a dorsal opening. In this case, the iUS acquisition needs to be
performed with the probe positioned at the back of the patient and oriented approximately normal to the
coronal plane. Because of the acoustic shadow produced by bony tissues, only the posterior surface of the
vertebrae is visible on the iUS images. The posterior surface of the vertebra is a good candidate feature
for rigid registration, as the vertebra forms a rigid structure. Note that in some cases, an anterior surgical
approach can be adopted for lumbar or cervical level fusion in order to avoid prior surgery areas, to access
intervertebral disks or to add lordosis to the spine. However, no papers in this review reported the feasibility
of using iUS-based navigation in an anterior approach spine procedure.

On the CT image, the density of bone tissues correlates with the CT intensity which lies between 140 to
260 Hounsfield units (HU) (Yan et al., 2011; Sugano, 2003; Winter et al., 2008). The posterior surface of the
vertebrae can be obtained by ray tracing a line going from posterior to anterior, in which the surface location
corresponds to the first occurrence of voxels above a given threshold, typically 150 HU (Brendel et al., 2002,
2005; Winter et al., 2008, 2009; Yan et al., 2011, 2012b,a; Gueziri et al., 2019). The approach yields
satisfactory results to extract the posterior vertebral surface. Since this step is performed pre-operatively,
the computation time to achieve the task is not critical. On pre-operative MR images, the full vertebra can
be segmented using manual or semi-automatic approaches and the posterior surface is obtained using ray
tracing (Koo and Kwok, 2016a).

Extraction of the vertebral surface on iUS images is challenging. Many approaches have been proposed
to segment the bone surface on ultrasound images. Interested readers are referred to a review on the topic
(Hacihaliloglu, 2017). Among the proposed approaches for bone-tissue region segmentation, some considered
using hyperechoic intensity and shadow indicators (Kowal et al., 2007; Foroughi et al., 2007), image local
phase information (Hacihaliloglu et al., 2009, 2013b,a; Hacihaliloglu et al., 2014; Jia et al., 2016), random
forests (Berton et al., 2016), eigenanalysis of the Hessian matrix (Fanti et al., 2018), beamforming (Zhuang
et al., 2019) or more recently using convolutional neural networks (CNN) (Salehi et al., 2017; Baka et al.,
2017; Alsinan et al., 2019). Because the segmentation of iUS is performed intra-operatively, the computation
time needs to be reduced as much as possible. More importantly, the accuracy of bone segmentation is crucial
for feature-based registration approaches, as the location of the surface affects the final registration quality.

3.3. Intensity mapping

Unlike feature extraction where the output is a set of spatial coordinates for an anatomical structure, the
output of the intensity mapping is an image in which the intensities of some specific anatomical structures are
highlighted. Intensity mapping is used in image-based registration approaches to allow metric comparison
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Figure 5: The initialization block involves manual, automated and constrained initialization techniques. Dotted boxes represent
use case examples.

between the information represented in the pre-operative CT/MR images and the information represented
in the iUS images. A simple technique consists in segmenting the posterior vertebral surface, on both
CT/MR and iUS images and use the binary segmented image in the registration step. In this context, the
feature extraction step is seen as an intensity mapping method. This approach has been used in (Yan et al.,
2011, 2012b,a; Koo and Kwok, 2016a,b; Gueziri and Collins, 2019; Gueziri et al., 2019), where the binary
segmented images of posterior vertebral surface on both iUS and CT images were registered. The vertebral
surface on iUS images was obtained using a simple ray-tracing approach. It is not always necessary to
segment the iUS images. Instead of using binary images, the contrast between the vertebral surface and
the surrounding tissue can be enhanced. Winter et al. (2008, 2009) proposed to use an adaptive depth gain
compensation filter to enhance bone-tissue interface appearance on iUS images. Similarly, the enhanced
iUS images were registered to a pre-segmented vertebral surface on CT images. Using low-level filtering,
Penney et al. (2006) converted both CT and iUS images into probability density maps of bone structure
representation. Others (Gill et al., 2009a, 2012; Lang et al., 2012; Zettinig et al., 2017) mapped the CT
intensities to simulate ultrasound-like images to be compared with the real iUS images. In order to use
an image-based phase correlation metric, Hacihaliloglu et al. (2013b) first preprocessed both CT and iUS
images with a local phase filtering. Then, the filtered images were projected into Radon transform space.

4. Initial registration

Initialization of the starting position for registration is a common problem in many medical applications.
The goal of the initial registration is not to achieve a highly accurate patient registration. Rather, it is
to bring the patient position sufficiently close to the real solution without causing significant disruption of
the clinical workflow. This is particularly true for spine registration where the anatomical similarity of the
vertebrae may cause the registration to align images of the wrong vertebral level. Despite its importance, the
issue has received little attention as most of the papers reviewed assume a reasonable initial misalignment,
usually comprised within 10 mm of translation and +10° of rotation error. Figure 5 shows the different
types of initialization approaches used in spine surgery.

4.1. Manual initialization

Although time-consuming, manual registration is the most used initialization technique in spine inter-
vention. It is already established in the clinic. In the absence of an automatic patient alignment method,
it is considered to be the standard registration method during surgery. The procedure consists in collecting
pairs of landmarks in both modalities. Then, a rigid-body registration approach is applied to minimize the
distance between each pair of points. The technique only requires a few landmarks, typically 4 to 7 points.
The landmarks can be collected directly on the patient using a tracked pointer or identified on the iUS
images.



4.2. Constrained initialization

An alternative approach for initialization is to constrain the iUS acquisition such that the real solution
can be approximated a priori. This can be formulated as a set of assumptions and requirements that need
to be met during iUS acquisition. In this context, Nagpal et al. (2015) used the assumption that the number
of vertebrae imaged with the ultrasound probe is the same as that present on the pre-operative CT. Then,
the two volumes are aligned relying on their center of gravity and using image-based mutual information
registration. However, this does not account for large orientation misalignments, such as left-right and
superior-inferior image flips. In addition to the same number of vertebrae, Gueziri and Collins (2019) and
Gueziri et al. (2019) proposed to use a constrained iUS acquisition protocol to guarantee a roughly correct
orientation. The protocol consists of a single sweep starting from inferior up to the superior part of the spine
centered on the spine mid-line. The initial registration is achieved by aligning the iUS probe trajectory with
the known caudo-cranial direction of the pre-operative images. Based on the assumption that pre-operative
images are acquired in supine position whereas iUS images are acquired in prone position, Behnami et al.
(2016, 2017) used an interactive registration that involves a single-click interaction to approximately align
the center of gravity of the L3 vertebra. Using a robotically steered iUS probe, Zettinig et al. (2017)
also leveraged the user interaction to roughly initialize the translation component of the registration. The
rotation component was based on the assumption of prone position with a transverse iUS acquisition.

4.8. Automated initialization

In the context of automatic initialization of the registration transform, Echeverria et al. (2016) proposed
to use principal component analysis (PCA) to align the principal axes of the vertebral posterior surface
points. The method is motivated by the geometry of the point distribution along the anterio-posterior (on
the spinous process) and the left-right /superior-inferior axes (on the transverse and articular processes).
Different iUS acquisition scenarios were evaluated, in which the posterior surface points were collected.
Successful registrations were achieved when sufficient points are present on the iUS data. However, the
method fails to provide a good initial alignment in the presence of outlier points, i.e., those that belong to
neighboring vertebrae, which reflects a more realistic acquisition case. Using image classification, Chen et al.
(2016) proposed to train a CNN model based on CaffeNet (Jia et al., 2014) to recognize five pre-established
iUS scan scenarios for L2 to L4 vertebrae. Prior to the registration, the iUS images are classified into
the corresponding scan scenario and a pre-defined initial transformation is applied. Among the 100 iUS
images tested, 91.09 % were classified correctly. Unlike the PCA-based approach (Echeverria et al., 2016),
the method has the advantage of not relying on an extracted feature that may introduce additional noise.
However, the pre-defined initial transformation associated with each scenario introduces a strong assumption
about the patient anatomy, which may not be always valid. In the context of 2D-3D registration, De Silva
et al. (2018) used an image classification method to initialize the position of the iUS slices in the 3D
ultrasound volume. Once the 3D volume of the target vertebra was acquired, axial and sagittal slices were
sampled to build a dictionary associating the slices with their corresponding positions in the volume. For
each sampled slice, a Haar-like feature vector (Viola and Jones, 2004) was extracted and stored. Prior to
registration, the Haar-like feature vector of the current 2D iUS image is extracted and compared to the
dictionary feature vectors using normalized cross-correlation. The initial alignment is achieved by assigning
the position of the most resembling slice in the dictionary to the current image, i.e., with the highest
correlation. Although the method does not directly address the problem of CT/MR-to-iUS initialization,
results showed good application to slice-to-volume initialization for patient monitoring.

5. Registration

Registration is the main component of patient alignment. In this section, we discuss feature-based and
image-based registration approaches (see Fig. 6).

10



Registration

Feature-based Image-based
registration registration
Point-based or Monomodal Multimodal
Surface-based Landmark-based similarity metric similarity metric
Y ‘ Y : ‘ Y ‘
i e.g., ieg, i e.q., eg.,
i+ ICP | i » Pair-wise point-based ! i * Linear correlation of * Mutual information
i+ CPD ; i linear combination * Gradient information |

i * Restricted surface matching i+ Cross-correlation
i e etc o T

Figure 6: The registration block involves feature-based and image-based registration techniques. Dotted boxes represent use
case examples.

5.1. Feature-based registration

Feature-based registration, also referred to as point- or surface-based registration, aims at registering two
sets of spatial features extracted from the pre-operative CT/MR and the iUS images. In spine registration,
the features consist of a set of points lying on the posterior surface of the vertebra that is visible on
iUS images. The region from which the points are extracted includes the apex of the spinous process, the
laminae, the posterior part of the transverse processes, the inferior articular processes and a small area on the
posterior part of the vertebral body. When the corresponding pairs of points are known on each modality, the
registration problem can be solved using a landmark-based registration approach. In this context, Ungi et al.
(2013) evaluated the feasibility of pair-wise point-based registration in pedicle screw fixation, by manually
identifying intra-operatively the posterior-most portions of articular processes on tracked iUS images. The
registration was achieved successfully with a TRE of 1.28 mm. Xie et al. (2020) employed skin-attached
fiducials to register pre-operative MR images to patient space. Then, landmarks on the spinous process
were identified on iUS images and used to correct for eventual misalignments. However, specific landmark
identification on iUS images is not trivial, requiring the surgeon to be familiar with ultrasound imaging.
In the general case, point correspondences are not available. The registration problem is formulated as an
expectation-maximization algorithm that consists in optimizing some cost function that expresses the point
sets alignment. The iterative closest points (ICP) (Besl and McKay, 1992) algorithm has been extensively
used in this context.

Early work involving iUS-based navigation used manual segmentation of the posterior vertebral surface
on iUS images (Tonetti et al., 1998). The procedure was time-consuming, ~ 20min for 40 images, and
requires high expertise. Using morphological filtering to automatically extract the points from iUS images,
Herring et al. (1998) studied the effect of point distribution on the registration quality. The points were
sampled from different anatomical regions of the vertebra using a tracked pointer and registered to the points
extracted from images of a non-tracked iUS probe. Phantom experimentation showed that points collected
on the laminae surface and the apex of the spinous process yield the best results. Later, the work was
extended by Muratore et al. (2002) to include an IGS navigation setup using a tracked iUS probe. Similar
studies on the effect of point distribution were reported for manual landmark-based registration (Ershad
et al., 2014) and surface-based registration with CT navigation (Wang and Song, 2013). Ionescu et al.
(1999) used high-level feature segmentation to match candidate segments that yield the best CT-to-iUS
image alignment. For each segment extracted on an iUS slice, a set of possible transformations is generated
per slice. The final registration consists in retaining the best transform that minimizes the segment distances
between all the iUS slices and the CT image. Results showed application to a single vertebra registration,
but limited validation experiments preclude further conclusions.

Using A-mode ultrasound to extract surface points, Moulder et al. (2003) employed a restricted surface
matching method (Béchler et al., 2001) that combines landmark-based and point-based approaches to align
the vertebral surface points. In addition to the surface points, the method uses 3 to 5 known anatomical
landmarks to guide the registration. Because the pair-wise correspondence of the landmarks was known a
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priori, a penalty term was associated with landmark misalignment during registration. A-mode ultrasound
was also employed for surface point extraction on tibia and femur in (Mozes et al., 2010) and on spinous
process (Lou et al., 2010).

Barratt et al. (2006) proposed to optimize the iUS probe calibration parameters during the registra-
tion. The approach involves a four-step registration process: 1) perform a rigid surface-based registration,
2) remove outlier points and perform a rigid surface-based registration, 3) perform a rigid surface-based
registration including the y-axis pixel scaling calibration parameter that corresponds to the probe depth,
and 4) perform a rigid surface-based registration including all iUS calibration parameters. The method
was successfully applied to femur and pelvis bone registration of human cadavers. One disadvantage of
adjusting the calibration transform while registering is the risk of over correcting the calibration parameters
in the case of mis-registration. Additionally, in order to cover all the necessary views for the calibration to
be optimized, multiple translation positions and angular orientations need to be performed with the iUS
probe during the acquisition. Vertebral surface points were manually segmented to avoid including feature
extraction errors in the evaluation.

To deal with outlier points and errors related to feature extraction, different approaches have been inves-
tigated including Kalman filtering (Rasoulian et al., 2012a; Echeverria et al., 2016) and information filtering
(Talib et al., 2011) for spine registration; as well as Gaussian mixture model sampling (Hacihaliloglu et al.,
2012) for pelvis registration. Given already extracted surface points, the registration method proposed by
Talib et al. (2011) allows for real-time iterative registration. The approach has been applied for incremen-
tal (frame-by-frame) correction of the registration during iUS data acquisition. Experiments on a plastic
phantom of L4 showed good accuracy of 1.29mm. Although the concept of incremental registration looks
attractive, as it provides the surgeon with feedback on the quality of the acquisition, the method inherits
the limitations of ICP registration including the sensitivity to the initial alignment.

Because the pre-operative images are usually acquired with the patient in supine position and the iUS
scans are acquired with the patient in prone position, the spine curvature is subject to change between
the two acquisitions. Aligning multiple vertebrae using a single rigid registration does not account for the
spinal posture difference. In order to correct the spine curvature, Rasoulian et al. (2010, 2012a) proposed to
perform a group-wise rigid registration of multiple vertebrae. First, each CT sub-volume containing a single
vertebra is independently aligned to the corresponding iUS volume using a surface-based rigid registration.
Then, the resulting transforms are applied to the entire CT volume using a regularization biomechanical
model. The idea consists in using extra intervertebral points that act like a spring to prevent incoherent
transformations. Experiments on a sheep cadaver showed the successful application of the method in the
context of percutaneous spinal injections. A computation time of 29 min was reported, which significantly
impacts the surgical workflow as increasing surgery duration is associated with multiple postoperative com-
plication risks (Kim et al., 2014). Similarly, Nagpal et al. (2014, 2015) proposed a group-wise registration
method based on the coherent point drift (CPD) algorithm (Myronenko and Song, 2010). To correct for
spine curvature, extra intervertebral points were manually introduced to act as regularization constraints
during the registration. The computation requires only 50—185 seconds, enabling applications in surgery.

Application of feature-based registration showed good results for CT/MR-to-iUS spine registration, over-
coming issues related to image intensity differences at the cost of rendering the registration accuracy de-
pendent on the feature extraction quality. Nevertheless, the vertebral posterior surface proved to be a valid
anatomical landmark for registration. Experiments on animal and human cadavers reported a TRE ranging
between 2.2 mm and 2.57mm. For clinical data involving human in vivo experiments, in which the ground
truth transform is not available, the registration is evaluated against a sub-optimal registration yielding an
error ranging between 0.71 mm and 4.2 mm. Another advantage of the feature-based registration is that there
is no need for iUS volume reconstruction. Features that are extracted from an iUS slice can be converted to
3D structures using its corresponding spatial position, reducing intra-operative processing time. The time
required to extract surface points, whether this is done manually (several minutes) (Tonetti et al., 1998;
Barratt et al., 2006; Ma et al., 2017), using an A-mode ultrasound probe (real-time) (Moulder et al., 2003;
Mozes et al., 2010) or automatically (from seconds to minutes) (Herring et al., 1998; Ionescu et al., 1999;
Muratore et al., 2002; Rasoulian et al., 2012a; Nagpal et al., 2015; Behnami et al., 2016, 2017), potentially
impacts the surgical workflow.
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5.2. Image-based registration

Image-based registration relies on the comparison of image intensities using an image intensity-based
similarity metric to assess the alignment of pre-operative and intra-operative images. Similarity metrics
derived from the sum of squared differences (SSD) (Ashburner and Friston, 1999; Friston et al., 1995;
Hajnal et al., 1995; Woods et al., 1998) and cross-correlation (Cideciyan, 1995; Collins and Evans, 1997;
Guimond et al., 2001; Hermosillo et al., 2002) are widely used in monomodal image registration. The general
underlying assumption is that the same anatomical structure should have the same intensities when using
SSD or a linear relationship when using cross-correlation (Oliveira and Tavares, 2014). In multimodal image
registration, the intensities of the same anatomy may vary significantly from an imaging modality to another,
e.g., in spine imaging bony structures appear as bright on CT images, gray on routine T2-weighted MR
images and only the bone surface facing the probe’s transducers appears on iUS images. Similarity metrics
based on the previous assumptions would fail. In this context, image alignment can be assessed either by
mapping the image intensities to a common intensity space, so that the assumption becomes valid, or by
using a similarity metric that takes into account intensity differences.

For both CT and iUS images, Penney et al. (2006) computed the probability density function that a
given voxel lies on a bone surface. Because the probability maps highlight the same anatomical structures,
normalized cross-correlation was successfully used for pelvis and femur registration. Similar to the work
proposed by Barratt et al. (2006), the depth parameter of iUS probe calibration was considered during the
optimization of the rigid registration in order to correct for variations of the speed of sound. In the context
of lumbar fusion open surgery, Yan et al. (2011, 2012b) successfully used cross-correlation to register binary
segmented CT and iUS images. Later, a slice-to-volume version of the method was proposed to reduce
intra-operative computation time related to iUS volume reconstruction (Yan et al., 2012a). The iUS images
were segmented using a backward ray-tracing technique that exploits shadow artifacts produced by the bony
vertebra structure. Because the registration is applied to binary images, the approach can be applied to
different modalities and surgery types. For example, the approach was employed in a hierarchical registration
framework to register percutaneous iUS images with CT images (Koo and Kwok, 2016b) and MR images
(Koo and Kwok, 2016a).

To avoid intra-operative segmentation of ultrasound images, Brendel et al. (2002) and Winter et al.
(2002) proposed to maximize the intensity sum of the points located at the posterior surface of the vertebra
on CT images. This is motivated by the hyper-echoic response of the vertebral surface in iUS images.
When images are aligned, the points located on the CT posterior surface should pass through bright voxels
representing vertebral surface on iUS images. Because only the locations of CT vertebral surface points
are used during the registration (not the CT intensities), the approach does not require intensity mapping
pre-processing. Later, Winter et al. (2008) proposed to enhance the contrast of the vertebral surface on iUS
images to improve the registration quality.

In the context of CT-to-iUS liver registration, Wein et al. (2008) proposed to use simulated ultrasound
images computed from CT images. Considering a given iUS probe position, ultrasound-like penetration
signals passing through the different tissues were calculated based on the CT intensities. The associated iUS
image was then reconstructed. The simulated and the real iUS images were registered using a linear corre-
lation of linear combination (LC?) metric. The metric assesses the correlation between the iUS intensities
and a linear combination of the reflection and ultrasound-simulated signals extracted from CT. Gill et al.
(2012, 2009b) and Chen et al. (2010) employed this method to achieve multi-level vertebra registration for
minimally invasive surgery. A biomechanical model based on intervertebral displacement, reaction forces
and moments (Panjabi et al., 1976; Gardner-Morse et al., 1990; Desroches et al., 2007) was used to constrain
non-realistic vertebral motion. The method achieved high registration accuracy with a reported TRE rang-
ing from 0.62 mm to 2.26 mm on a sheep cadaver. However, the computation time of 43 min is too slow to be
considered in a clinical workflow. The LC? metric was also used in (Zettinig et al., 2017) and (Lang et al.,
2012). Zettinig et al. (2017) used a deformable free-form transform to initialize the CT-to-iUS registration
(Modat et al., 2010). Then, the iUS probe motion is tracked to monitor patient positioning using cross-
correlation in an iUS to iUS registration framework. Lang et al. (2012) proposed a speckle-based iUS probe
tracking method. To correct for positional drifts induced by speckle-tracked ultrasound, CT spine images
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Figure 7: The visualization block involves volumetric and model-based navigation techniques.

are registered to iUS images using the framework proposed by Gill et al. (2012). The method demonstrates
the feasibility of sensorless ultrasound navigation by improving iUS tracking accuracy. However, the initial
position of the iUS volume needs to be specified, which in the study is provided using an optical tracking
device.

Hacihaliloglu et al. (2013b) used a phase correlation metric to register CT and iUS pelvis images. First,
local phase bone images were extracted using a log-Gabor filter then projected into a Radon space. The reg-
istration transform was determined using a two-step integration procedure. An average surface registration
error of 0.78 mm was achieved on clinical data of two patient pelvis images.

The use of multimodal metrics can obviate the need for intensity mapping pre-processing. Mutual
information (MI) and its derived metrics have been extensively used in multimodal registrations involving
ultrasound imaging (Shekhar and Zagrodsky, 2002; Walimbe et al., 2003; Leroy et al., 2004; Wein et al., 2005;
Ji et al., 2008; Rivaz et al., 2014). In the context of CT-to-iUS spine registration, MI was applied by Nagpal
et al. (2015) to initialize the registration transform. Chen et al. (2016) combined gradient orientation and
mutual information to achieve slice-to-volume registration. Two-dimensional gradients of CT and iUS slices
are used to encode orientation information. Using information theory, the similarity metric is estimated using
the entropy of the probability density function of the orientation codes. A gradient orientation metric was
also proposed to register segmented CT and iUS vertebral surface images (Gueziri et al., 2019). In contrast
to SSD and cross-correlation where the intensities of anatomical regions are being compared, gradient-based
metrics rely on the contrast induced at anatomical boundaries. Validations on a porcine cadaver achieved
a TRE of 1.48 mm in 11 seconds of computation, which is clinically acceptable for spine surgery. Recently,
Chan et al. (2020) evaluated the accuracy of a multi-camera IGS system on a thoracic spine phantom.
Positional and angular errors were reported to be 1.2mm £ 0.5 mm and 2.2° £2.0° in ~ 16 s of computation.
The alignment relies on an image-based Gaussian pyramid registration approach. Unfortunately, technical
details of the similarity metric employed have not provided.

6. Visualization

A common concern in IGS navigation is the assessment of the spatial positioning of the instrument with
respect to the patient pre-operative images. The way instruments are displayed to the surgeon affects the
efficiency with which the navigation is performed. In fusion surgery, the navigation helps to identify the
entry point and trajectory of the pedicle screw. The visualization needs to display internal bony anatomical
information including the pedicle walls and the vertebral body. On the other hand, in spine injection, the
needle is inserted through the intervertebral gap to reach the injection target location, e.g., facet joint or
epidural space. The emphasis of the visualization is focused on external bone anatomy to navigate through
soft tissue. In spine interventions, we identified two main categories for the visualization of instrument
navigation (see Fig. 7): volumetric navigation in which the instrument is located according to the pre-
operative 2D slices, and model-based navigation in which the instrument is visualized with respect to a 3D
display of the spine model.

6.1. Volumetric navigation
Most spinal IGS systems use multiplanar reconstruction of pre- or intra-operative CT or MR images for
navigation. Orthogonal planes, characterized by the axial, sagittal and coronal views, are commonly used
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to explore volumetric data. The advantage of multiplanar reconstruction is to provide reconstructed slices
in any arbitrary orientation. This is used in pedicle screw fixation where axial and sagittal views are tilted
so that their angular orientation is aligned with the tracked instrument orientation (see Fig. 8). Note that
the coronal view is not tilted. It is used to indicate the pedicle entry point and to assess the spine curvature
in the case of spine deformity correction. During navigation, a projection of the pedicle screw is used to
augment the axial and sagittal views by highlighting the predicted trajectory prior to implantation. This
allows viewing the anatomy that will be traversed by the pedicle screw to prevent breaches (see Fig. 9).
Another use of multiplanar reconstruction volumetric navigation is to leverage the iUS probe orientation
to display the corresponding view in other modalities, as reported by Liu et al. (2018) for transforaminal
puncture. Once manual registration was established between intra-operative CT, pre-operative MR and
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Figure 9: Example of navigation using multiplanar reconstruction and tilted views: a virtual model of the tracked instrument
is shown in blue and a cross-section of the planned screw insertion is shown in red.

patient space, the puncture target was identified and a tracked iUS probe was used to obtain arbitrarily
oriented slices. The corresponding reformatted CT and MR slices were displayed on the screen to provide
anatomical information during needle insertion. Percutaneous spinal needle insertion is commonly achieved
using ultrasound guidance. This approach benefits from CT and MR enhanced anatomy imaging while
preserving the clinician’s standard practice in ultrasound guidance.

6.2. Model-based navigation

Navigation using multiplanar reconstruction 2D views is not trivial as it requires a high knowledge of the
spine anatomy and a considerable effort to mentally map hand-eye coordination with the view. Alternative
approaches consist in augmenting navigation images with a 3D model of the spine. While CT images provide
good visualization of the spine anatomy, ultrasound images are more difficult to interpret and may highly
benefit from visual augmentation. This is the case in the context of spinal needle insertion. In most cases,
the CT images of the patient are not available and the clinician relies solely on ultrasound images. The use
of anatomical atlases has been considered as an alternative option in the absence of pre-operative CT images
for femur and pelvis registration (Talib et al., 2005; Tang and Ellis, 2005; Barratt et al., 2008; Foroughi
et al., 2008), MR intervertebral disc segmentation (Michopoulou et al., 2009), scoliosis assessment (Boisvert
et al., 2008) and needle guidance (Khallaghi et al., 2010, 2011; Rasoulian et al., 2012b, 2013b,a). Atlas-based
(or model-based) registration relies on the use of a statistical model computed from several patient scans.
The model encodes the mean shape and the statistical variability of the vertebrae across the anatomy of
all the patients. During navigation, a model-to-iUS registration is performed so that the statistical model
is aligned with the specific anatomy of the patient being scanned while simultaneously updating the model
parameters to tailor it to the patient’s anatomy.

Virtual reality (VR) can augment the 2D iUS images with the visualization of a patient-specific 3D
spine model for needle guidance as proposed by Moore et al. (2009); Rasoulian et al. (2015); Seitel et al.
(2016). Rasoulian et al. (2014, 2015) used an electromagnetic tracking system to track the iUS probe and
the injection needle. Posterior surface probability maps are extracted from iUS images and used to register
the 3D spine model shape and pose. Then, the 3D virtual models of the iUS image and the needle are
displayed relative to the spine model so that the clinician can navigate using the VR canvas. Behnami et al.
(2016) extended the method by jointly registering the model to the patient’s CT scan while aligning the
model with the iUS images. Later, the approach was adapted to register the model to MR and iUS images
(Behnami et al., 2017).

Brudfors et al. (2015) proposed to augment the 2D iUS view with axial and sagittal cross-sections of
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the model contour to provide the clinician with key anatomical information for epidural injection. Once
the desired vertebral level identified, ultrasound volumes were collected using a 3D probe. The proposed
optimized implementation allows for continuous registration of the model with the iUS volumes providing
automatic updates of the model shape and pose during navigation. A similar visualization technique was
proposed by Tiouririne et al. (2017) where a hand-held ultrasound probe was used to highlight neuraxial
landmarks for needle guidance. The model was registered using affine transformation of model surface
points.

For needle guidance in facet joint injections, Ungi et al. (2012) used a VR environment in which ultrasound
slices are spatially positioned in the view. Each ultrasound slice consists of a snapshot captured by the
clinician before the needle insertion. The entry point and the target are then defined by specifying two
points on the recorded snapshots and the needle trajectory is defined as the line connecting the two points.
Navigation is achieved by simultaneously displaying two views: a “bull’s-eye view” in which the virtual
camera position is co-linear with the two points, and a “progress view” similar to a sagittal view used for
monitoring the needle insertion depth. The study reported that better hand-eye coordination was achieved
using the proposed views than using the standard ultrasound-guided needle insertion procedure.

Another use of ultrasound in interventional spine procedures is the identification of vertebral levels.
Lumbar puncture and injection sites, often located in the 1.2/3, L3/4 and L4/5 intervertebral spaces, can
be identified by palpation of the spine with a reported success rate of 30-63 % (Furness et al., 2002; Hayes
et al., 2014; Whitty et al., 2008; Lee et al., 2011; Stiffler et al., 2007). The procedure shows a variability in
the results for pregnant patients, for adults and children patients and in patients with a high BMI and a
pathological or a surgical history. The same studies reported an improvement in the success rate to 71-73 %
when using ultrasound imaging. Automatic labeling of vertebral levels for percutaneous needle insertion
has been considered using panoramic parasagittal ultrasound views constructed by image stitching (Kerby
et al., 2008). Starting from the coccyx and moving cephalad along the lumbar spine, vertebral levels are
identified by counting the number of peaks detected in parabolic curves fitted to the panoramic image.
Rafii-Tari et al. (2011, 2015) proposed to use a camera mounted on the probe to allow positional tracking
and facilitating the panoramic view reconstruction. Using parasagittal ultrasound images, Hetherington
et al. (2017b) proposed to track peaks of the curves produced by the laminae during the acquisition. The
vertebral levels are identified by detecting new peaks on the image. An alternative approach using a CNN-
based classification was proposed by Hetherington et al. (2017a). Axial images were classified into “gap”
and “bone” classes representing intervertebral and vertebral spaces, respectively. Starting from the coccyx,
a state machine was used to identify the vertebral level by incremental counting.

Virtual augmentation of ultrasound images without the use of preoperative 3D models has been inves-
tigated. This type of approaches focuses on identifying relevant anatomical landmarks directly from the
ultrasound images, without the need for additional model-based registration steps. Thus, the risk of errors
related to the registration is reduced. Such approaches have been investigated for the identification of neu-
raxial landmarks in epidural injection guidance (Pesteie et al., 2018; Oh et al., 2019) and spinous process
and laminae landmarks in scoliosis assessment (Brignol et al., 2020).

The use of 3D spine models during navigation provides an intuitive interpretation of the instrument’s
position with respect to spine anatomy. However, the focus of the surgeon’s attention is constantly shifting
between the screen in which the virtual scene is displayed and the surgical site, affecting the surgical perfor-
mance and efficiency (Peters and Cleary, 2008). To address this issue, augmented reality (AR) techniques
produce a composite display in which a virtual scene can be overlaid on the real image, providing an in
situ visualization of the spine model. In spine-related applications, the use of AR-based visualization has
been investigated for vertebral level identification (Al-Deen Ashab et al., 2013), pedicle screw fixation using
integral videography (Ma et al., 2017), ImmersiveTouch (ImmersiveTouch inc, Chicago, IL, USA) simulator
(Luciano et al., 2011) and see-through video (Elmi-Terander et al., 2016); as well as for vertebroplasty (Wu
et al., 2014) using camera-projection, spinal injection (Fritz et al., 2013) and more recently tumor resection
(Carl et al., 2019b) using image overlay. Interested readers are referred to the survey on AR utilization in
orthopedic surgery (Ma et al., 2018; Alaraj et al., 2013).
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7. Validation

Cleary et al. (2000) presented a report discussing technical requirements for image-guided spine proce-
dures based on the consensus from about 70 experts, in which particular concerns were expressed regarding
the validation of image-guided intervention systems. The report identified four criteria that need to be
considered during validation:

e accuracy is the degree of exactitude with which the instrument is located with respect to the patient
anatomy or images,

e robustness is the stability with which the registration is achieved,
o reliability is the ability of the system to reproduce the results, and

e usability represents the clinical utility of the system in terms of time efficiency, user interaction, surgical
value, etc.

In this section, we identify patterns commonly used in the literature during spinal IGS and we detail the
implication of each criterion in the validation process.

7.1. Accuracy

In what follows, we focus our discussion on the assessment of the registration quality. Therefore, we
assume that the information provided by the equipment (i.e., tracker and ultrasound) and the calibration
procedure is exact. We also assume that the DRO was not displaced after the registration has been achieved,
insuring the error measurements are due to the registration process only. In pedicle screw fixation, post-
operative imaging is the clinical method for the inspection and confirmation of intrapedicular insertions and
breaches (Carl et al., 1997; Girardi et al., 1999; Liu et al., 2005; Kaneyama et al., 2014). Post-operative
implanted screws are compared to the pre-operative insertion planning to assess how successfully the surgery
followed the planning. The advantage is that the accuracy at which the position of the inserted screws is
evaluated depends on the image quality and the operator, reducing error sources such as tracking information
or DRO displacement. On the other hand, such validation extends the evaluation of the IGS system to
include the performance of the surgeon, e.g., deliberate compensations for small inaccuracies.

In the case where the post-operative images are not available, the registration transform, T, obtained
using CT/MR-to-iUS images needs to be compared to a reference transform, i.e., a gold standard transform
representing the ground truth T,. When possible, the gold standard transform should be obtained using
implanted fiducials as recommended by Cleary et al. (2000). The procedure involves rigidly inserting markers
in the bone tissue (usually, the vertebral body, to avoid interfering with iUS acquisitions) so that each marker
can be accurately identified in both pre-operative images and using a tracked pointer. A set of target points
is identified on the pre-operative image space and then transformed into the patient space using T and Tgt.
The average distance between the pair-wise transformed points represents the TRE. This validation metric
has been used in many papers (Tonetti et al., 1998; Muratore et al., 2002; Moulder et al., 2003; Talib et al.,
2011; Yan et al., 2012b,a; Gill et al., 2012; Rasoulian et al., 2012a; Koo and Kwok, 2016b; Echeverria et al.,
2016; Ma et al., 2018; Zettinig et al., 2017; De Silva et al., 2018; Gueziri et al., 2019).

In the absence of the gold standard transform, for example when fiducials cannot be implanted, two
approaches have been considered. The first approach consists in establishing a reference transform using
manual registration techniques, thus generating a silver standard transform representing a suboptimal ground
truth T3,. For example, the silver standard transform can be obtained by using landmarks manually
identified in pre- and intra-operative images (Hacihaliloglu et al., 2013b; Nagpal et al., 2015; Behnami et al.,
2017) or by averaging the best registration results and manual corrections (Winter et al., 2002; Brendel
et al., 2005; Lang et al., 2012). The inconvenience of the latter method is that it measures convergence of
the registration instead of the accuracy. Then, a proxy TRE is computed using the silver standard transform
T3, and the registration transform T. The second approach consists in comparing the distance between the
vertebral surface points obtained from each imaging modality, known as the surface registration error (SRE).
It is recommended to use a manually segmented vertebral surface in order to reduce computational bias.
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This has been employed in (Chen et al., 2016) using manual surface segmentation and in (Ionescu et al.,
1999; Herring et al., 1998; Muratore et al., 2002; Mozes et al., 2010; Hacihaliloglu et al., 2013b; Behnami
et al., 2016) using automatic surface segmentation. Both approaches may introduce surface segmentation
errors or bias in the assessment of registration accuracy, and thus a low SRE does not necessarily mean a
low TRE.

7.2. Robustness

The robustness expresses how often the registration method meets the clinical requirements. Roughly
speaking, while the accuracy measures how close the registration is to the ground truth, the robustness
measures the fraction of times this accuracy is obtained in clinical practice. The registration robustness is
measured by the success rate defined as the percentage of registration trials achieving a TRE below a given
threshold. There is limited literature addressing recommendations for minimum accuracy requirements in
spine interventions. In addition, the requirements vary depending on the anatomy being treated. In a study
reported by Rampersaud et al. (2001), segments of the mid-cervical spine, the midthoracic spine and the
thoracolumbar junction were found to have the least tolerance to screw malpositioning with a maximum
tolerated error estimated to be smaller than 1 mm translation and 5° rotation. The tolerance is higher in the
thoracolumbar spine, where 3.8 mm/12.7° at the L5 vertebra was estimated. In general practice, Cleary et al.
(2000) suggested an accuracy of 1-2mm to be sufficient for image-guided spine navigation. Nevertheless,
there is no unique value that is universally accepted. In the context of pedicle screw fixation, the required
accuracy varies significantly depending on the size of the screw, the vertebra level and the anatomy of the
patient. Pedicle screw malpositioning is classified using a 2-mm increment breach grading system (Kuklo
et al., 2005; Guha et al., 2017): intrapedicular, 0-2 mm breach, 2—4 mm breach and > 4 mm breach. In facet
joint injection, the required accuracy of the insertion channel between the articular processes of the joint
is 3-5mm (Greher et al., 2004). Typically, the threshold is set to 2mm (Yan et al., 2011, 2012b,a; Nagpal
et al., 2015; Gueziri et al., 2019), 3mm (Rasoulian et al., 2012a; Lang et al., 2012; Gill et al., 2012; Koo
and Kwok, 2016b), 3.5 mm (Khallaghi et al., 2010; Chen et al., 2016) or 4 mm (Brounstein et al., 2011; Ungi
et al., 2013), depending on the clinical application. For needle insertion, clinicians often report a higher
error tolerance ranging from 3mm to 4 mm (Rasoulian et al., 2012a; Lang et al., 2012; Gill et al., 2012; Koo
and Kwok, 2016b; Khallaghi et al., 2010; Chen et al., 2016; Brounstein et al., 2011; Ungi et al., 2013).

7.3. Reliability

The goal of the reliability is to assess how the registration method behaves in various experimental
conditions. This is used as an indicator for the variability of the registration quality, i.e., to determine
the extent/limitation in which the registration is operational. Unlike accuracy and robustness, reliability is
not expressed by direct measurement. Rather, it represents the experimental design used to validate the
registration. During validation, it is recommended to assess the effect of internal and external parameters on
the registration quality. Internal parameters are method-specific and represent the user-defined parameters
that may have a significant impact on the registration quality, e.g., the choice of the optimizer (Winter
et al., 2008), the number of iUS frames (Yan et al., 2012b) or volume resolution (Gueziri et al., 2019).
External parameters are common to most registration methods. The experimental design needs to involve
three important external parameters:

e Initial alignment. This is used to measure the capture range of the registration method. It is achieved
using a landmark-based registration (Koo and Kwok, 2016b,a) or by specifying a random transform
within a given range of +£10-20 mm translation and +10-20° rotation (Winter et al., 2008; Yan et al.,
2011; Rasoulian et al., 2012a; Gill et al., 2012; Gueziri et al., 2019);

e Ultrasound data. Ultrasound parameters need to be considered, e.g, multiple ultrasound frequencies,
depths and acquisition angles with complete/partial visibility of vertebrae (Winter et al., 2009; Yan
et al., 2012b; Gueziri et al., 2019);

e Subject. Variability of the spine anatomy may vary significantly between individuals according to age,
gender, pathology, etc. To reproduce clinical conditions, inter-subject variability needs to be taken
into account (Behnami et al., 2016; Tiouririne et al., 2017; Nagpal et al., 2015; Rasoulian et al., 2012a).
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7.4. Usability

In a user-centered system, the term usability is defined as a system which is easy to learn, efficient
to use, easy to remember, produces low error rate and is subjectively pleasing (Nielsen, 1994). In spine
navigation, usability can be seen as the extent to which the surgeon can use the IGS system to efficiently
navigate. While accuracy effectiveness is measured using the TRE, time effectiveness is often related to
the optimization part of the registration, excluding other intra-operative processing such as iUS acquisition
time, volume reconstruction time or feature extraction time. Omne of the advantages of using iUS-based
navigation is the rapidity at which the images can be acquired during surgery, with minimal interruption of
the surgical workflow. It is crucial to consider the intra-operative time efficiency of the entire process used
to achieve the registration.

Registration time requirements vary from seconds to minutes depending on the surgical procedure being
performed and the application needs. While endoscopic procedures would require no more than 10-20s to be
practical, the recommended time for registration in pedicle screw fixation is under 5 minutes (Cleary et al.,
2000). Spine surgeons can instrument a vertebra in 15-20 minutes in a posterior approach (Mirza et al.,
2008). Any registration technique that significantly extends this time will most likely not be used by the
surgeons. Moreover, if the registration procedure is meant to be performed frequently during the surgery,
e.g., for frequent corrections of patient misalignment when the DRO is displaced, the time requirements
need to be shortened so that the cumulative registration time remains acceptable for the surgical workflow.

8. Challenges and future directions

8.1. Ultrasound spine imaging

The quality of the iUS acquisition has a significant impact on registration accuracy. A misplaced probe or
out of contact with the skin can result in partial visibility of the vertebra or shadowing artifacts. Moreover, a
high body mass index can affect the image quality in percutaneous acquisition for some patients (Tiouririne
et al., 2017). In the clinical assessment of their registration method, Winter et al. (2009) described a
protocol for iUS acquisition including the probe specifications and the iUS imaging parameters. Although
this contributes to standardize the intra-operative registrations procedure using their proposed method, there
is a need for a thorough investigation of ultrasound image quality effects on the state-of-the-art registration
approaches.

A subsequent topic related to conditions of imaging data concerns the growing popularity of portable
ultrasound systems. The latter technology is more affordable and provides larger flexibility of use but often
at the expense of a lower image quality. Existing work in spine applications that investigated feasibility of
low-cost ultrasound imaging has focused on spinal curvature measurement (Yan et al., 2016) and scoliosis
assessment (Cheung and Zheng, 2010). With the growing popularity of iUS-based navigation systems,
evaluation of the performance for low-cost IGS outcomes is needed.

8.2. Registration type

In the context of spinal fusion surgery, most of the proposed iUS-based navigation approaches focus
on rigid registration. Deformable registration also has been considered (Zettinig et al., 2017). However,
allowing deformations can lead to the violation of known rigidity of the vertebra anatomy. Preservation of
bone rigidity constraints has been investigated for skull and cervical vertebrae in monomodal CT registration
(Al-Mayah et al., 2010; Kim et al., 2013, 2016) and CT-MR registration (Steger and Wesarg, 2012).

It has been shown that registration of individual vertebrae, in comparison to a single rigid registration
of all the vertebrae, can decrease the rate of pedicle breaches (Lee et al., 2004). This is suspected to be
due to the lumbar lordosis caused by posture changes during pre- and intra-operative imaging. A few
papers investigated group-wise CT-to-iUS registration. Although group-wise registration involves heavier
computation due to the registration of multiple vertebrae, promising results have been achieved in under
3min computation time (Nagpal et al., 2015). An alternative approach focuses on reducing intra-operative
registration time so that single vertebra alignment can be quickly performed. The idea is to render the
registration procedure non-cumbersome to allow for frequent patient alignment during surgery. This is
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motivated by the constant loss of accuracy reported during spine surgery (Quifiones-Hinojosa et al., 2006).
Gueziri et al. (2019) demonstrated that a single vertebra can be registered under 11s intra-operatively.
Considering a typical 20-30s to complete the iUS acquisition (Winter et al., 2009), the whole registration
procedure can be achieved under 1 minute. However, the feasibility and clinical evaluation of such an
approach has not been shown yet.

8.3. Effectiveness in clinical setting

While many CT/MR-to-iUS registration papers exist for spine surgery, iUS-based guidance has not
become the standard of care in spine surgery for many reasons, including the significant amount of time
required for iUS acquisition and registration. Many of the reviewed papers have shown satisfactory results
regarding accuracy and robustness in laboratory settings, precluding the assessment of clinical conditions
such as time and effort required to perform patient alignment. Although efforts are needed to further
improve the accuracy and robustness, studies in clinical conditions would target the assessment of reliability
and usability, highlighting the difficulties encountered in surgery. The following non-exhaustive list of
research questions might help to move toward the acceptance of iUS-based navigation in the OR: Effect of
ultrasound image quality—is iUS acquisition made by non-expert sonographer during surgery sufficient for
good image registration? and how much training is required to perform good iUS acquisitions? Effect of
visualization techniques using VR and AR setups, especially in the context of pedicle screw fixation—does
AR in situ visualization of planned screw trajectory help improving the surgeon’s performance? And the
feasibility in terms of time effectiveness—is the iUS-based procedure easy perform during surgery? how does
iUS acquisition affect the surgical workflow?

8.4. Motion monitoring

Optimized GPU implementation and high performance of hardware will likely improve the registration
procedure time so that it can be executed in real-time. Solutions for continuous patient motion compensation
are particularly helpful for robotic spine surgery. In the case of respiratory motion compensation or correction
of patient misalignment if the DRO is displaced, due to rough surgical manipulations, or if the instrumented
vertebra is far from the DRO (Guha et al., 2019a), a quick correction of the spine curvature and patient
position is required. Lower thoracic and lumbar segments have been identified to be subject to significant
respiratory motion (~ 2mm) during general anaesthesia (Liu et al., 2016). Real-time acquisition and the
small footprint of iUS probes make it suitable for motion monitoring. Current work in the context of robotic
servoing for needle guidance has focused on using continuous iUS-to-iUS registration (Zettinig et al., 2017).
For open surgery, iUS real-time monitoring has not been investigated yet.

8.5. Anatomy

The accuracy requirements vary depending on the vertebral level being treated. For cervical and thoracic
levels, the required accuracy for pedicle screw fixation is estimated to be 1 mm; whereas for lumbar levels it
is estimated to be 2-3 mm (Rampersaud et al., 2001). For iUS-based navigation, research has been focused
on the lumbosacral region, as a substantial number of procedures involving fusion and needle guidance
need to be performed in this area. Cervical, thoracic and lumbar sections present significant anatomical
differences. In particular, cervical vertebrae have a smaller body, a short Y-shaped spinous process, and
curved transverse processes, rendering their appearance significantly different on ultrasound imaging. To
the best of our knowledge, no study reported the use of iUS-based navigation in the cervical spine.

In addition to the anatomy differences, the amount of fat and muscle tissues can be significantly different
from patient to patient and at variable vertebral levels. Particularly in percutaneous iUS scans, low pen-
etration and signal loss decrease ultrasound image quality at deeper regions, which affects the registration
quality. Moreover, it is unclear to which extent does pathological tissues and fractures influence accuracy
and robustness of the registration, especially in the case where the posterior bone surface is used in the
registration, e.g., in feature-based registration. Further investigations involving pathological subjects need
to be conducted to specify limitations of iUS-based guidance in such clinical contexts.
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Non-linear and deformable registrations of soft-tissue surrounding the vertebra (e.g., muscle and nerves)
are critical for tumor ablation interventions, but such approaches using iUS-based guidance have not yet
been explored in the literature.

8.6. Suggestions for reporting accuracy, robustness, reliability, and usability of the registration method

In order to facilitate the comparison of different spinal navigation systems, a standardized validation
method should be adopted. In such a validation standard, the accuracy needs to be based on a ground
truth registration transform obtained using implanted fiducials. Each vertebral level is associated with a
ground truth transform to account for any spinal curvature between pre- and intra-operative imaging. We
recommend the use of 3 to 4 fiducials per vertebra. The accuracy must be reported in terms of TRE (in
millimeters) and angular error (in degrees). The TRE can be computed on point of interest locations, e.g.,
pedicle entry points or epidural space location. The angular error can be reported by measuring the angular
difference between the planned trajectory and the trajectory obtained after registration.

The robustness needs to be reported using multiple thresholds of 1 mm, 2mm and 3 mm for the success
rate of the registration. This allows to assess the registration quality for a wide range of applications
according to the required accuracy. The success rate can be obtained using several repetitions of randomized
starting positions ranging between +10 mm translation and £10° rotation. Moreover, the experiment setup
would involve the evaluation of the registration quality on multiple vertebral levels, using different iUS
acquisitions, and using different animal and/or human cadaver specimens. The vertebral levels can be
grouped into cervical, thoracic, lumbar and sacral levels as the required accuracy varies depending on the
anatomical section. Multiple iUS acquisitions are used to highlight various imaging conditions including
partial anatomy visibility and tilted acquisition. Multiple specimens are used to reflect the anatomical
variability that can be encountered in clinical data.

The efficiency of the navigation system needs to be reported in terms of intra-operative time, i.e., the
reported time should include pre-processing, initial alignment and registration times. In addition, if the
validation involves assessing the contribution of a visualization technique, the efficiency time should include
the operator performance time to achieve the task. This can be carried out in a user-experiment study that
involves several users, well-defined tasks and user appreciation forms, to evaluate some extents of the system
usability.

8.7. Future work

The evaluation of iUS-based navigation systems is challenging and involves several factors that influence
the quality of the registration. There is a need for a common database that includes benchmark measure-
ments to allow for efficient comparison of current and future registration methods based on the same criteria.
Ideally, such a database should involve human and/or animal CT, MR and ultrasound data aligned with
a standard fiducial-based registration that serves as the ground truth transform. The data should contain
intra-operative open surgery images, as well as percutaneous images for minimally invasive surgery acquired
on lumbar, thoracic and cervical regions. The success rate threshold should be clearly defined. Moreover,
with the significant breakthrough made in machine learning, such a database will be a valuable resource for
the development of future approaches.

While deep learning approaches have gained interest for multi-modal image registration, mostly focusing
on deformable registration (Litjens et al., 2017; Shen et al., 2017), the literature of ultrasound-related
registration methods is still limited. Although, in the reviewed papers, machine learning has not been
directly employed to solve the registration problem, successful attempts were made to address spine-related
issues, such as approximating the initial registration transform (Chen et al., 2016), segmenting the vertebra
surface (Salehi et al., 2017; Baka et al., 2017; Alsinan et al., 2019) and classifying iUS images for vertebral
level identification (Pesteie et al., 2015; Hetherington et al., 2017a). So far, machine learning is used as an
intermediate step to achieve more conventional image registration techniques, mostly using a feature-based
registration approach.

Future work is still needed for the acceptance of iUS-based spinal navigation in clinical routine. While
the accuracy has slowly improved over 20 years (ranging from 4mm to 1.5mm on animal/human cadaver
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studies), robustness and reliability concerns have only recently started being considered in the evaluation
process. Yet, additional studies on the usability of iUS-based spinal navigation in the OR are needed.
Especially, time efficiency, visualization and imaging conditions that require further investigation to identify
limitations of the clinical usage.

9. Conclusion

We presented a review of the state-of-the-art techniques used in ultrasound-guided registration in spinal
interventions. The registration techniques were analyzed according to a newly proposed taxonomy which
is based on the surgical workflow steps: preparation of data, initialization of the registration transform,
refinement of the registration and navigation. With the increasing popularity of ultrasound-guided systems
for spinal interventions, the identification of a standard methodology for validation is of a crucial importance.
We proposed a validation methodology based on the following four criteria. The accuracy of the system
is defined as the degree of exactitude with which the instrument is located with respect to the patient
anatomy or images. The robustness of the system is defined as the stability with which the registration
is achieved. The reliability of the system is defined as the ability of the system to reproduce the results.
Finally, the usability of the system is defined as the practicality to use the system in the clinical environment.
We thoroughly discussed the significance of each criterion in the context of spinal navigation. Moreover,
because many applications share similar characteristics relative to image-guided surgery, we expect these
evaluation criteria to be relevant in other application contexts.
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