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Abstract
Craniovertebral junction (CVJ) is one of the more complex parts of the spinal column. It provides mobility to the
cranium and houses the spinal cord. In a healthy subject, the CVJ contributes 25% of the flexion–extension motion
and 50% of the axial rotation of the neck. This work reports instrumentation development and results for evaluating
implant performance in the stabilized CVJ after surgical procedures. Typically, some bony parts of the vertebrae
causing compression to the spinal cord are removed and subsequently stabilized by the instrumenting implant in
the CVJ. Pose estimation of the Cadaveric CVJ region is estimated using a monocular vision-based setup. The
cervical spine’s first three vertebrae surround the CVJ area, where most cervical spine mobility originates. We aim
to evaluate the performance of vision-based intervertebral motion estimation of the Cadaver’s CVJ in the Indian
population, particularly in older people. A series of tests were performed on the Cadaver’s CVJ to evaluate the
vision system-based motion estimation performance.

1. Introduction
Over several decades, several researchers have investigated the effectiveness of implants in stabilizing
the craniovertebral junction (CVJ), all of whom have conducted their investigations on decapitated spec-
imens. It is reported in the article [1] that a KUKA KR125 manipulator is used and that X-ray images are
taken with the manipulator for implant study on a harvested specimen from the Cadaver using the X-ray
images manipulator. When the Cadaver was installed, it was potted to the frame of the ground system,
which a KUKA-KR125 powers. Because of this, it was possible to measure the range of motion. The
study [2] used a pulley, nylon thread, and weight system to apply pure couples on the Cadaver CVJ.
According to the article [3], the paper uses the MTS 858 Bionix testing system outfitted with a custom-
built 6-DOF spine simulator. Data for 10 specimens harvested from the Cadaver were occipitocervical
specimens used to determine the stability of the implant apparatus. The spinal column’s CVJ region’s
range of motion was calculated using the CA 6000 spinal motion analyzer [4]. Serial manipulators have
been used for manipulating the CVJ in the clinical literature. In the paper [3], significant kinematic
workspaces are reported [5].

In ref. [6], the authors presented a single-camera approach for posture estimation using fiducial mark-
ers. The marker image distortion must be compared to the library’s distortion to calculate the pose
at the target position. The marker pattern improves accuracy [7–12]. The authors describe the nor-
mal CVJ anatomy and numerous CVJ disorders [10]. The CVJ is anatomically and biomechanically
distinct from the sub-axial spine [13, 14]. These specializations allow for significant mobility while
maintaining stability, though fixation is complex. Specifically, this study has explained how to deter-
mine the pose estimation of the Cadaver’s CVJ region. The proposed technique has been detailed in
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Figure 1. Experimental setup [10].

Figure 2. Odontoidectomy procedure in Cadaver.

Section 2. Section 3 will discuss Cadaver’s posture estimate and the vision-based CVJ studies. The
conclusion has been discussed in detail in Section 4.

2. Methodology
2.1. Cadaver CVJ pose estimation using vision sensor
Figure 1 depicts a method for determining intervertebral mobility in a Cadaver’s CVJ. The first three
vertebrae of the spinal column delineate the CVJ area. It helps reduce the majority of neck mobility.
Intervention in this location necessitates surgical placement of an implant to stabilize the entire system
[10]. The experimental setup activates the neck motion in a Cadaver close to the human subject. This
paper uses computer vision techniques to analyze the Cadaver’s CVJ, as shown in Fig. 2. Initially, the
experiment will be conducted in the prone position. Still, due to the placement of the experimental setup,
mounting was a challenging task. Inherently, we have switched to experimenting with a sitting posture.
In the sitting posture, multiple regions were quickly exposed to the CVJ exploration compared to the
prone position.
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Figure 3. Experimental setup for Cadaver’s pose estimation.

A predetermined library of ArUco markers [6, 7, 15] was used to estimate the pose of an object.
Using monocular vision and markers to achieve a Cadaver CVJ pose [8, 9, 16] is possible. The legs
are connected to the base platform by universal (U) joints and the moving platform by spherical (S)
joints. These legs are manually actuated using screw (Sc) action. The 6-DOF parallel manipulator is
named a 6-UScS manipulator. The 6-UScS manipulator moves the relocating platform by adjusting
the leg length via screw action. This distinguishes it from the typical Stewart platform. The 6-UScS
manipulator’s movable platform will be called the top platform. The upper platform holds the cadaver’s
cranium using bespoke fasteners, while the bottom platform is secured to the chair. The motion of the
6-UScS manipulator is controlled by modifying the length of its legs by turning the screw (variable
length).

3. Cadaveric experiment
A parallel manipulator-based experimental setup for measuring the CVJ load after implant instrumen-
tation has been created. Prior studies conducted experiments on the decapitated specimen to quantify
the reaction of the CVJ implant. An earlier experiment was conducted using decapitated specimens in
which the soft tissues were severed at the spine. To account for the effects of passive loading on the soft
tissues, an approach closer to the natural anatomical function of the CVJ is preferred. This will require
developing a novel method for measuring forces during CVJ manipulation without decapitation. Thus,
among other benefits, the capacity to undertake an in situ evaluation of the implant in the CVJ without
decapitation has been pursued. Therefore, the experimental setup shown in Fig. 3 for the in situ implant
study in the Cadaver’s CVJ region is unique and has not been attempted before to the author’s knowl-
edge. The experimental setup shown in Fig. 3 consists of two central units: a customized chair to support
a Cadaver in a sitting position and a manually actuated 7-DOF parallel manipulator (MA7DPM). The
MA7DPM is an integration of two parallel manipulators which have a common base. The moving plat-
form of the 1-DOF parallel manipulator can be fixated to any cervical vertebra (i.e., C1–C7). The moving
platform of the 6-DOF parallel manipulator is designed to be fixated on the cranium.

A series of experiments are conducted on a single Cadaver by changing the implant to evaluate its per-
formance. As Fig. 5(a) depicts a typical experimental layout that was set up at the Cadaver Training and
Research Facility of the Jai Prakash Narayan Apex Trauma Center (JPNATC) at the All India Institute
of Medical Sciences (AIIMS) in New Delhi under the supervision of clinical staff after receiving appro-
priate ethical clearance. Figure 5(b) depicts a typical experimental setup at the Cadaver Training and
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Figure 4. The layout of the experimental setup.

Figure 5. (a) Exposure of cranium and cervical vertebrae to fixated with the test setup. (b) The
customised polyaxial screw fixated with the test setup.

Research Facility of the Jai Prakash Narayan Apex Trauma. Getting the Cadaver into the chair and
putting his torso between two vertical pillars will require some maneuvering. The Cadaver is strapped
to the table to prevent movement in the thoracic region.

On the other hand, movement in the cervical spine is permitted because it is the area of concern. The
pillar is equipped with a T-slot, into which the sliding L-clamp is screwed to hold the pillar in place.
A set of screws contains the MA7DPM to the L-clamps in place. Because of these sliding clamps, the
elevation of the MA7DPM was altered, resulting in the top platform being placed at the same level as the
Cadaver’s occiput. Load is essential to measure the behavior of the CVJ junction load-to-deformation
to the applied motion. This will give us an in-depth understanding of the CVJ loading conditions per
the actuation provided.

3.1. Experiment layout
The monocular vision sensor estimates the cadaver CVJ pose estimation via a 6-UScS manipulator
using ArUco-based markers and then transmitted to the manipulator. A set of images were taken from
a calibrated vision sensor after the manual actuation of the 6-UScS manipulator was completed. The
processed images were used to determine the pose of the Cadaver CVJ after the desired neck trajectory,
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Figure 6. (a–f) Vision-based pose estimation of the top platform by inducing the manual actuation.

including lateral bending, flexion/extension, and axial rotation. In radiology, a C-arm is a mobile X-
ray machine that can be moved around and adjusted manually to accommodate the desired location for
taking X-ray images. The height and orientation of the X-ray camera can be adjusted manually. It was
placed around the Cadaver to obtain X-ray images, ensuring the polyaxial screw was adequately secured
to the bone.

3.2. Experiment preparation
Initially, the Cadaver was assessed for the absence of rigor mortis. The neck and the head region were
exposed without damaging the soft tissues, as shown in Fig. 5(a) following the clinical procedure. The
occiput to the (C5) vertebra was evident for fastening with the experimental setup. The thoracic portion
of the Cadaver was positioned on the customized chair in a sitting posture and immobilized by strapping
between the two pillars. Following this, the base platform of the MA7DPM, common to the Sarrus
mechanism and 6-UScS, was attached to the chair. Coupling and extender screws were assembled with
the polyaxial screws to connect the cranium with the manipulator’s top platform, as shown in Fig. 5(b).
X-ray images were taken to confirm the proper insertion of polyaxial screws. Finally, the calibrated
vision sensor [17] determines the Cadaver’s pose estimation with respect to the base platform.

The ArUco markers are employed to estimate the pose of a Cadaver. A vision sensor and marker(s)
provide the pose estimation concerning the stationary base platform, as seen in Fig. 6(a–f).

The pose of the marker is estimated with reference to the base fixed frame (Bff ) as:

MarkerTBff = (
TableTC

)−1

MarkerT
C (1)

where MarkerTBff is the transformation between the cube coordinate system and the base fixed frame,
TableTC is the transformation in the coordinate frame fixed to the table and the frame fixed to the camera,
and MarkerTC is the transformation in the coordinate marker frame and the frame fixed to the camera.
Since the table and camera have no relative movement, TableTC is fixed throughout the experiment. After
executing the table calibration and estimating the marker pose with reference to the base fixed frame
[18], the pose of the marker is transformed from the camera coordinate frame to the base fixed frame
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Figure 7. Flow diagram for estimating the error in the pose of the experimental setup [10].

(Bff ) and then to the platform coordinate frame (PTMarker). The inverse kinematics modules operate with
the pose of the marker defined with respect to the plane fixed to the base of the platform coordinate
frame. The platform motion is controlled manually by rotating the actuators, and the vision modules run
in Visual C++. The kinematic transformation has been established to measure the head motion with
respect to the marker position as shown in Fig. 7.

3.3. Experiment and results
Using the screw joints on the legs of the MA7DPM in conjunction with a 6-UScS manipulator allows the
user to move in all three directions: lateral bending, axial rotation, and flexion/extension, by activating
the screw joints on the legs. This table shows the precise trajectory of the skull used in this experiment
and additional information about it. Table I shows the data. In the flexion/extension and side-bending
motions performed at their maximum values in a given direction, these modes represent the maximum
translation values encountered.

Once the Cadaver was placed in the experimental setup, a surgical procedure (Odontoidectomy) was
performed to remove the odontoid from the C2 vertebra. Transporal exposure using retainers was used
to expose the odontoid for surgery by the surgical team of AIIMS. In clinical practice, the procedure,
in general, is performed in a prone position where the Cadaver is placed on the stretcher. It has been
mentioned earlier that the experiment requires a sitting posture of the Cadaver, and allowing access was
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Table I. The Cadaver’s range of motion.

S.No. Rotation Axis of rotation
1. Axial rotation of ±73◦ The head rotated along the vertical axis
2. Flexion −60◦ Head describing rigid body rotation with respect

to the C5 vertebra
Extension of 56◦ Head describing rigid body rotation with respect

to the C2 vertebra
3. Lateral bending of ±43◦ Head describing rigid body rotation with respect

to the C3 vertebra
4. Surge ±95 mm Displacement of the head along forward and

backward (calculated using the cosine formula)
5. Sway ±95 mm Displacement of the head along the right and left

(calculated using the cosine formula)
6. Heave ±55 mm Displacement of head up and down (calculated

using the sine formula)

Table II. Load response was measured using the experimental setup for the C1–C2 rod and
screw implant instrumented in the CVJ region.

Axial rotation Lateral bending
Orientation
Degree Flexion Extension (Nm)
0 0.12 0.17 0.11 0.15 0.751 0.50
4.6 9.22 9.12 11.01 10.96 12.66 10.84

10.5 21.24 22.98 12.58 12.78 26.15 18.69
15.6 32.94 37.94 22.66 20.42 39.43 26.41

a significant design challenge. Table II shows the load response measured using the experimental setup
for the C1–C2 rod and screw instrumented in the CVJ region.

3.4. Discussion
The ArUco approach and the ArUco method were used to analyze the process of Cadaver pose estimation
using a vision sensor, and the ArUco method was used to accomplish this. This study aimed to determine
how well the camera-based measurement performed when estimating the pose faults caused by fixed leg
movement (incremental change). This experiment set had its load response measured and analyzed. After
conducting two distinct series of tests, it was possible to determine how much load was being measured
and, as a result, how much error was being introduced into the load sensor reading.

4. Conclusion
As a result, the posture estimation of the Cadaver using ArUco markers has proven to be a viable method
in the experimental setup that has been constructed [10]. The number of markers on the top platform can
be increased to obtain a more stable pose estimation. In some cases, performing CVJ on a decapitated
specimen does not provide the best results in removing soft tissue effects from the decapitated specimen.
No decapitation tool was used on the specimen during the experiment, and the results were recorded.
A future research extension could include establishing an experimental setup in the CVJ region with
different Cadavers, such as those of various ages and genders, who could then be instrumented and
investigated.
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