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ABSTRACT
Enhancement of the Display and Diagnostic Capabilities of an Opto-Electronic Instrument

for the Assessment of Injuries to the Cervical Spine.

Peter Roozmon, M.A.Sc.

Injuries to the cervical spine may occur in the home, the workplace, and in
accidents related to sports or automobiles. Physicians are aided in the identification of
such injuries by instruments for objectively analyzing the motion of the cervical spine.
This investigation examines the evaluation and subsequent improvement of a new opto-
electronic device developed for this purpose.

To determine the market for this tool, relevant imaging systems and measurement
techniques are reviewed. The particular system to be enhanced uses two cameras to track
small infrared emitting diodes affixed to the subject's skin. Discrete motion samples arc
recorded and kinematic data is processed by a computer. Various parameters of interest
are then displayed on a video screen.

These displays must, however, be related to the underlying injuries. The review
thus includes biomechanical factors such as injury mechanisms, some analytical models
used to quantify these, and normal range of motion studies. The movement of skin
markers versus that of underlying vertebrae, as well as the importance of coupled joint
motion, are also discussed.

An evaluation of the above instrument indicates that the precision of the displays
does not . mit sufficiently accurate diagnoses. Hence, the development of an enhanced
display for characterizing cervical coupled joint motion is described. Direction angles are
used to represent angular displacements of the spine in the principal planes.

These angles correspond to the movement of virtual vectors normal to the planes
defined by markers on the head, neck, and shoulders. This treatment is found to increase
the precision of the instrument in describing neck motion and thus to improve the
accuracy of the resulting diagnoses.

- iii -
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CHAPTER 1 - INTRODUCTION
1.1 GENERAL

Neck injuries frequently occur to people in the course of their daily activities at
home, at play, or in their work environment. The effects are often entirely minor and
temporary. In other cases, serious damage may occur to the vertebral column or spinal
cord, with sometimes tragic and permanent results.

We are concerned here mostly with a device for the diagnosis of those types of
injuries which fall in between these two categories. In particular, we will consider non-
acute, soft tissue ccrvical injuries. At first these may go unnoticed or be misdiagnosed.
However, they may eventually lead to longterm, chronic discomfort.

As in most areas of modern medicine, physicians depend upon instruments to help
them identify such injuries, as well as to subsequently decide upon a course of treatment.
Some cof these devices involve the use of radiation or magnetic fields to provide contrast
1images of the tissues within ths neck. Others are designed to describe the motion of the
spine.

Instruments for measuring spinal mobility range from plumb lines and
inclinometers to sophisticated opto-electronic systems.25 The latter usually involve the
attachment of reflective markers on the subject's skin, 26 Hence, mathematical techniques
must be used to correlate skin motion to that of the underlying vertebrae.27:28:29

We will focus upon one such instrument in this investigauon. It will be evaluated,
in order to determine its effectiveness as a diagnostic device, and subsequently enhanced.
In order to perform these tasks, it is necessary to be aware of the alternative tools
available on the market. Hence, we will begin by reviewing the relevant imaging and
measurement systems currently available.

In general, clinicians are not trained to analytically relate diagnostic displays with
the underlying kinematics (ie. motion analysis). The engineer must therefore determine
if the user is provided with all of the information required to perform a diagnosis, and
then help him/her to analyze this information.

To do this, we need to understand the mechanics of neck injuries. This requires




2

an analysis of relevant human physiology and biomechanics. The latter is defined as the
application of mechanics and material science theory to the behaviour of biological tissue.

In recent years numerous analytical models have beeir proposed to explain the
dynamics of the cervical spine. These models allow the verification and quantification of
the theories which are used to describe injury mechanisms. They are thus important for
understanding how cervical motion analysis may be related to injury. We will examine
a few of these models.

The ability to objectively differentiate normal from pathological (ie. injured)
motion may facilitate the diagnosis of neck injuries. However, it is essential to have data
upon which to which to base such comparisons. Hence, we will thus consider how the
neck moves.

Then we wiil review studies undertaken elsewhere to document the range of
motion for specific portions of the cervical spine. The required comprehensive tables were
not previously available together in the literature. They were thus compiled exclusively
for this investigation,

Since the instrument under consideration tracks the motion of skin markers, we
will examine how this movement may be related to that of the underlying vertebrae. In
particular, we will determine whether a linear relationship exists. Finally, we show that
the description of coupled joint motion is an important factor in 1dentifying normal versus
pathological cervical movement.

In chapters 2 and 3 we will see how the evaluation of the instrument under
consideration led to the development of enhanced displays to characterize such coupled
motion. An outline of how this investigation proceeds is presented in section 1.4, where
we summarize the literature review and consider the scope for the remainder of the thesis.

The purpose of the review is primarily to provide the background information
required to understand the steps taken in this investigation. In order to maintain
continuity, only @ minimum of material is pre.ented here - particularly with respect to
biomechanics. However, this information was obtained from numerous sources and may
not easily be reproduced. The details are therefore provided for interested readers in

Appendix A.
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1.2 IMAGING SYSTEMS AND MEASUREMENT TECHNIQUES FOR THE
DIAGNOSIS OF SOFT TISSUE INJURIES IN THE CERVICAL SPINE

A few examples of existing imaging systems and measurement techniques were
mentioned in the previous section. We will now look at some of these in detail. Our
purpose is to determine whether these methods provide the information required to
identify relevant injuries to the cervical spine.

The devices and methods being considered should be of practical use in a clinical
setting, specifically for the diagnosis of non-acute, soft tissue injuries. Ideally, the results
presented to the user should also be useful for verifying analytical models of the neck.
Hence each method must be considered both from a clinical and an experimental point

of view,

1.2.1 Radiographs and Cineradiography

Plain X-rays play a valuable but subsidiary role in diagnosis of soft tissue injuries
to the cervical spine. The standard series may include three anterio-posterior (A-P) views
(left/right bending and neutral), two lateral views (extension and flexion), both obliques
and an open-mouth view.21+%9

[n the latter, the tongue must be depressed to avoid shadows, and the head
positioned to avoid interference from the lower jaw or occiput.31 The details of using
radiographs in evaluating soft tissue injuries of the cervical spine are covered elsewhere
(section 1.3).

Plain radiographs can be used to indirectly infer spinal canal size using Pavlov's
ratio. The anterio-posterior diameter of the canal is about the same as that of the anterio-
posterior diameter of the vertebral body at the same level. The result of the former
divided by the latter is Pavlov's ratio. Normally it has a value of about 1.0. A value of
0.8 or less indicates an abnormally small canal.>’

Cineradiography began with the use of motion picture photography together with
roentgenography to record motion. Modern techniques irvolve filming or videotaping of

an enhanced image produced by a radiographic image intensiiier. This specialized type
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of cathode ray tube permits clear images with minimal exposure to the subject (fig 1.2.1).

Hence, cineradiography is an invaluable tool in studying osseous movement.3!

1.2.2 Computer Tomography (CT) and Magnetic Resonance Imaging (MRI)

CT scans contribute a cross sectional view which is useful in complementing the
standard views listed above. It diminishes the need for complex motion tomography,
providing more information with less radiation exposure. Reconstructions are helptul in
evaluating a variety of diseases.

However, soft tissues are not usually visible enough without the injection of a
contrast agent, such as metrizamide. This effectively converts an otherwise non-invasive
proceduie into an invasive one.3? Myelography is the use of this process to highlight the
spinal cord. A lower concentration of contrast material is required for CT myelography
than for conventional radiography.>®

As in computer tomography, the contrast between tissues visible using MRI is
enhanced by administering external agents. The most commonly used contrast agents are
manganese and gaolinium. They have been used in differentiating between normal and
ischaemic tissue. However, the lack of ability to specifically target them has hampered
their usefulness.

Magnetic resonance has two unique advantages over other medical imaging
techniques. Firstly, contrast can be manipulated between different parts of the image by
adjustment of the MRI system alone. Secondly, an image 'slice’ can be taken in any
plane. Hence, coronal and sagittal sections are available, as well as the transaxial slices
produced by CT scans.® In addition to spinal cord compression, MRI illustrates
pathology within the cord.”®

Range of motion studies do not appear to have been undertaken using MRI.
However, this type of imaging has played an important role in evaluation of spinal cord
damage. Models of spinal cord injury have been hampered by the inability to monitor
changes as time passes.

MRI has a high sensitivity for differentiating edema and hemorrhage, which can

help determine whether damage is potentially reversible. These considerations are



addressed elsewhere (section 1.3).37

Comparative studies using magnetic resonance and computer tomography images
indicatc them to be complementary. CT produces better osseous details while MRI
provides superior soft tissue resolution. MRI offers the advantage of direct imaging in the
sagittal plane, without need for reconstruction. However, the resolution is not as fine as
in transaxial CT scans.3+339

There are no known hazards from the magnetic fields and radiofrequency pulse
sequences used in MRI. The procedure can be performed on an outpatient basis.
Conversely, CT scanning uses ionizing radiation and requires overnight hospitalization

due to side effects of metrizamide. The comparison is summarized in table 1.2.1.%

1.2.3 Reconstructior: and Automated Interpretation of Images

The images described above show areas of different intensities. They may be
modified to make them more readily interpretable by computer. Early attempts at
automatic interpretation focused on chest radiographs.

The advent of digital CT and MR images simplified the task of recognition.
Systems which fully describe such images exist for aerial photographs. Interpretation of
a medical image is more complex because the patierns being sought are less
circumscribed. MRI is particularly difficult to interpret due to the many variations in the
process. >’

Sophisticated reconstruction algorithms permit near real-time display of 2 and 3D
images. The resultant constructions can be used to view either bone, muscle, or a
combination of these.”* However, artificial intelligence may be required to clearly display
bone and soft tissue in the same image.53

Such displays are particularly useful in orthopedics, where complex joints require
many different planes and orientations to be fully understood. Fishman et al. (1989) found
that use of their 3D image by orthopedic surgeons resulted in significantly altered surgical
procedures in up to 30% of cases.”*

Another application is in the construction of prostheses. Indeed, the output of 3D

reconstruction proegrams may be fed directly to a digital milling machine.>>
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The imaging modalities that can be displayed in three dimensions are shown in
table 1.2.2. Such images are actually pseudo 3D images, where a 2D projection of a 3D
image is displayed. The illusion of 3D is provided through shading, perspective, and on-
screen rotation of the object. A true 3D image may be obtained using holograms or

vibrating mirrors, but these are not yet commercially available.>?

1.2.4 Moiré Photography

Different numerical methods have been developed for rendering the evaluation of
Moiré photographs more objective. The method of analyzing and presenting the data is
what finally determines the value of a system. Measurement, analysis and prescntation
must be performed within a few minutes to be useful.

One such instrument is the Integrated Shape Imaging System (ISIS) developed in
Oxford, England. The system combines digitization of Moiré photographs and a high
speed computer-video link. It has been successfully in use since 1983.3°

The ISIS system works by digitizing the lines produced by projecting horizontal
planes of light on a surface. Polynomials up to fourth order are used to correlate the
measurements with the surface. Accuracy is not considered as important as repeatability
in measuring back shape.

Prior knowledge of human back shape is used to eliminate extraneous information
(eg. arms). The camera for the ISIS system is not stationary, but moves with the plane
of projected light.*0 The video interface is the Vicon system illustrated in figure 1.2.2
( see also section 1.2.5 ).26

Anatomical landmarks are identified by palpation and marked by black paper
rectangles. This enables the coordinate system for surface shape data to be defined with
respect to the body and gravity alone. Hence the position of the scanner and the patient
are not important. 39

The top landmark identified is near the hair line. Unambiguous identification
requires a clear area of surrounding skin, making it necessary to hold the hair out of the
way. 40

Implementation of ISIS analysis has resulted in radiographic examination being
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restricted to initial diagnosis. In the past it was common for all but the mildest cases to
undergo such examinaticn up to three times per year. Now further X-rays are taken o1ly
when ISIS analysis indicates significant deterioration.

Weaknesses include partial dependence of the analysis upon the patient's posture.

In addition, manual identification of anatomical landmarks is subject to human error,3?

1.2.5 Opto-electronic Scanners

Pearcy (1987) compared two opto-electronic devices.26 The CODA-3 emits a fan
shaped beam of light toward retro-reflective prisms attached to the subject. The reflected
light is detected by light-sensitive monitors.

The VICON system consists of stroboscopic lights mounted on video cameras.
Scanning of the image is synchronized with the lights. Markers covered with retro-
reflective tape are attached to the subject. Each marker is required to be in the view of
at least two cameras at all times.

CODA-3 was found to be more appropriate for gait analysis. The main advantage
of CODA-3 was the convenience of real time data and infrequent need for calibration.
The use of VICON was found to be limited if movements are large and the markers
obscured. Pearcy (1987) pointed out that a multi camera system would alleviate this
problem.z6 Goel et al. (1988) arrived at the same conclusion after using a two camera
system to track LEDs attached to cadaveric spines.’?

Using multiple cameras would allow a 360° view. However, analysis would be

comphicated since markers must be identified manually. Stokes (1977) and Towle (1986)

have shown that surface markers move relative to underlying vertebrae.”1*92 The systems

described here indicated ranges of motion larger than those reccgnized for the spine.
There 1s also a problem with identifying bony landmarks over which the markers
are attached. Nevertheless, non-invasive measurement of physiologic movement appears
to be currently possible only with this type of system.
These systems measure dynamic 3D body segment movements but not those of
individual spine elements. They are thus suitable for measurement of 2D movements in

3D space but not for 3D movements. Their complex nature necessitates thorough training
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to operate them. Pearcy (1986,1987) thus concluded that it may be unlikely that these
particular systems will become clinical tools, 2326

Another opto-electronic device designed for analyzing the motion of skin markers
is the Spinoscope. This particular instrument uses two cameras to track infrared emitting
diodes placed on the lower back and has been available for several years. In the following
chapters we will consider in detail a descendant of the Spinoscope, known as the
Cerviscope, which was recently developed specifically for cervical motion analysis.

This kind of device appears well suited for performing routine, non-invasive
examinations, to detect non-acute injuries to the cervical spine. Such a tool should
complement the other methods described above by detecting motion anomalies. Then the

CT, MRI and/or 3D reconstruction techniques may be used to investigate further.

1.2.6 Discussion

We have seen that CT and MRI techniques are difficult to use for clinical range
of motion evaluations. CT range of motion studies are complicated affairs suitable mostly
for research, while MRI images require subjects to be motionless for long periods.
Cineradiography is excellent for motion analysis, but high radiation doses make it
unsuitable for routine examinations. Hence, none of these techniques are applicable to the
diagnosis of soft tissue injuries which are manifested by abnormal motion.

Moiré photography and related techniques may prove useful in evaluating cervical
spine abnormalities. However, the systems described above do not appear suitable for
motion analysis. Conversely, the available opto-electronic scanners are promising for
dynamic thoracolumbar evaluations. Nevertheless, their applicability to the cervical spine
is uncertain.

In chapter 2 we will consider a new device developed specifically for clinical
cervical motion analysis. To evaluate such an instrument, we must understand the relevant
biomechanics. It is incumbent upon the engineer to explain how this may be related to
the information provided by the device to the user. We will thus examine next the
numerous biomechanical factors involved in identifying possible causes of abnormal

cervical motion.
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Table 1.2.1: Comparison of CT and MRI in cervical spine diagnosis

Computer Tomography

Magnetic Resonance Imaging

Uses ionizing radiation.

Requires puncture and
insertion of contrast
raaterial.

Computer reformatting of
image required for sagittal
and coronal views.

Complete sequence of axial
images needed for each change
in position.

1mm or betler resolution.
Metrizamide side effects
usually require overnight

hospital stay.

Few contraindications (eg.
allergy to metrizamide)

Imaging time on the order
of seconds.

No radiation or known hazards.

No contrast agent required.

Direct sagittal, coronal, and
oblique imaging.

Allows for functional flexion/
extension cuts

2-3mm resolution.

Can be done on an out-patient
basis.

No cardiac pacemakers or

ferromagnetic implants.

Each image requires 2-7 minutes.

Table 1.2.2: Imaging modalities applicable to 3D displays

Reconstructed 3D Imaging from Slices

Direct 3D Imaging

Computer tomography (CT)

Magnetics resonance imaging (MRI)

Flashing tomosynthesis
Compton scatter imaging

Positron emission tomography (PET)

Single photon emission computed

tomography (SECT)
Ultrasound (UT)
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1.3 BIOMECHANICS OF THE CERVICAL SPINE: THE BASIS FOR
INTERPRETATION OF DIAGNOSTIC DISPLAYS

In order to provide a useful instrument or display for performing motion analysis,
it is essential tc understand how the spine moves and how it may be injured. Clinicians
are not generally familiar with the principals of mechanics and dynamics. Hence, the
engineer developing the device must be able to explain the relationship between what the
user sees on the screen and the possible injury mechanisms.

We will begin by briefly examining the components of the human spine and how
neck injuries may occur. Following this, we look at how analytical models may be used
to quantify these injury mechanisms.

Next, the way the cervical spine moves is examined, along with the results of
studies performed to determine normal ranges of motion. We will then consider how the
motion of skin markers can be related to that of the underlying vertebrae. Finally, we will
study how coupled joint motion may be used to describe three dimensional motion in the
spine.

These discussions involve a mixture of bioengineering and medical factors required
to properly interpret diagnostics displays. In order to maintain continuity, emphasis is
placed on subjects related to biomechanics and engineering. Only a minimum of clinical
background information is presented here. Readers interested in a more thorough

discussion of the topics presented in this chapter are referred to Appendix A.

1.3.1 Elements of the Spine and Relevant Injury Mechanisms
Consider figure 1.3.1, which shows the human spinal column in its entirety. This
consists of a series of bony cylinders called "vertebrae", which are joined together by soft
"intervertebral discs" of cartilaginous tissue. These discs allow the spine to be flexible.
The vertebrae are numbered from the top down. There are seven cervical (C1-C7),
twelve thoracic (T1-T12), and five lumbar (L1-L5) vertebrae. Two adjacent vertebrae and
their disc form what is known as a "motion segment". The movement of the spine is

generally described clinically in terms of the coronal, mid-sagittal, and transverse planes
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of the body (fig 1.3.2).

All the vertebrae, as well as the bony protrusions extending from their rear, are
linked by elastic tissue called "ligaments”. The ligaments of the neck generally act to
control, limit and guide motion of the spinal segments. The discs tend to absorb shocks,
while the muscles provide motor activity and dissipate energy. Ligamentous structures
must be sufficiently relaxed to allow extensive motion, yet be able to check excessive
movement,

Due to their resiliency, intervertebral discs also help to prevent excessive motion
of the ligaments and capsular structures. Soft tissue injury may result from uncontrolled
neck motion during trauma. Pain may then follow from any motion of the joints.20-3!

According to Edwards et al. (1988), any study of mechanisms of injury (MOI)
should include the following:

1) clinical observation 4) validation
2) experimental investigation 5) application.

3) analytical modelling 48

They added that external conditions do not always reflect patterns of injuries.
Severe injuries usually involve compression together with other loads. This may involve
combinations of vertical forces, shear forces, and bending moments. These correspond
to patterns of reproducible fractures and ligamentous injuries.

A detailed discussion of such injury mechanisms is beyond the scope of this
introduction, but interested readers are referred to Appendix A. Let us now consider how

these mechanisms may be described analytically.

1.3.2 Applicable Analytical Models

As we saw above, in order to verify the significance of curves describing cervical
motion to a clinician, the engineer must understand the relevant injury mechanisms. To
this end, it is helpful to be able to quantify the forces being applied to the physiological
tissue considered above.

Extensive analytical models have been developed in order to describe the
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behaviour of all parts of the human body, including the neck. Mathematical models
incorporating biomechanical principles have the advantage of repeatability. They may thus
eventually develop into injury-predictive models.?0:68

In recent yecars the cervical spine has become the subject of numerous
biomechanical studies. Several multi-disciplinary teams formerly associated with low back
pain research have now turned their attention to the neck. As a result, the previous dearth
of experimental data on the cervical spine has been somewhat alleviated.

The consequence of this is that analytical models may now be tested using realistic
data for simulations. In Appendix A, we consider several models for various accelerations
and loadings which have been proposed during the past decade. 123 Using the data
available on the ultimate strengths of soft tissues and cervical vertebral bodies, these may
now be verified.*>:% This requires the use of motion analysis tools, since precise
measurement of spinal motion is needed to perform these verifications.

However, the first step in modelling is to determine what questions are to be
answered. Then it must be determined what methodologies are available to solve the
problem.63 Experimental studies are also required to provide pertinent physiological
data.

Hence, a fundamental understanding of physiology is necessary to correlate these.
Indeed, a comprehensive cervical spine model should include both neurophystological and
neuroanatomical considerations.

According to Sances et al. (i188), such a unified spinal injury model is not yet
available.%® We nevertheless need to consider some of the models that do exist, in order
to understand how they may be used to relate motion to injury in the cervical spine. The

details of this discussion may be found in Appendix A.

1.3.3 How the Cervical Spine Moves: Range of Motion Studies

The geometry of the articulating surfaces and the elastic properties of the
ligaments tend to determine the relative motion of the vertebrae. Since these change as
we move up the neck, the kinematics of the lower and upper cervical spine are quite

different.
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The top two vertebrae in the cervical spine are known as the "atlas” and "axis",
respectively. The atlas meets the skull at the "occiput”. The sct ot occipital/atlantal/axial
articulations, which joins the head to the neck, is among the most complex in the body,"7
The cervical area is also the most flexible region of the spine. The degree of mobility
generally corresponds to the age of the subject.

Motion between the atlas and axis allows flexion, extension, gliding and rotation
to occur. The entire cervical spine normally has a forward projecting curvature, known
as "lordosis". Conversely, the thoracic spine normally curves in the opposite direction,
a condition called "kyphosis".

Like the neck, the lumbar spine also has a lordotic curvature. The principal
movements associated with the cervical spine, as well as the progression of lordosis and
kyphosis for the entire spine, are illustrated in figure 1.3.3.

The atlas and the skull were previously thought to move in rotation as a unit,31:67
However, some rotation occurs at this level (see Appendix A). Nevertheless, the position
of the skull r 4y still be used to approximate the position of the atlas in rotation.

Forward "flexion" of the neck is defined as the act of bending forward. It begins
at the atlanto-occipital joint. There is a bony protrusion, known as the "odontoid process”
which extends from the axis and passes up through the atlas. It is held in place by the
"transverse ligament”. When the transverse ligament is injured, motion about the odontoid
process may becoma asymmetrical.

The detection of abnormal motion may thus demonstrate the presence of soft tissue
injury. However, the degree of mobility in individuals is highly variable. Furthermore,
compensatory hypermobility (ie. excessive movement) is often seen above and below
vertebrae which have been fused or blocked surgically.3!

Range of motion measurements depend upon the collaboration of the patient, who
may be in pain. Dvorak et al. (1988) showed that there is a significant difference in
motion obtained by passive and active means (ie. with and without assistance from the
examiner).33 However, they emphatically recommend against passive examination if
vertebral instability is suspected, since this may lead to further damage.

Motion in the neck is a complicated phenomena, which requires some knowledge
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of cervical anatomy in order to be understood. A few more details on how the neck
moves are provided in Appendix A, together with a review of several cervical range of
motion studies.

These involve the use of various in-vivo and in-vitro techniques, resulting in a
comprehensive description of motion in the cervical spine. Tables A.3.1 to A.3.4
summarize all of this data in a concise form, which may not be found elsewhere in the

literature.

1.3.4 Correlating Motion of the Skin and the Underlying Vertebrae

Pearcy et al (1987) used the VICON systems described earlier ( section 1.2 ) to
examine the motion of skin markers.2’ They compared this with similar intervertebral
movement previously recorded radiographically. The patterns of movement were
consistent, suggesting a relation between spinal and back surface motion. A method
developed from the work of Benatti permitted the definition of rotations in terms of the
standard anatomical axes.

This was based on a concept from linear algebra concerning the relative
orientations of two rigid bodies. They may be described by expressing the orthogonal
base vector mg of one in terms of the orthogonal base vector m, of the other. This can
be wntten as

[mg] = [R][m,],
where R relates the two (fig 1.2.4). We consider such transformations in detail in chapter
3.

According to Drerup and Hierholzer (1987), localization of anatomical landmarks
must not depend on a fixed exterior coordinate system.38 It should also be insensitive to
moderate asymmetry of the back. Such a body-fixed coordinate system may be defined
using anatomical landmarks, as shown in figure 1.3.4,

The above authors present a method for automatic determination of these

landmarks using the process of segmentation. It involves successive isolation of regions
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of interest, such as the vertebra prominens.® Anatomical lines of symmetry are used as
references. A 2D second order polynomial is used to smooth asymmetrical curves.
Isolated points not belonging to the central landmark area are deleted.

Plamondon and Gagnon (1990) evaluated displacement error in locating anatomical
landmarks.*! They employed the method of Euler's angles with a least squares
treatment.® Their results indicated errors in identifying landmarks had greatest
repercussions in determining axial rotation. However, results were sufficiently accurate
for measuring rotations down to 1°.

The Weierstrass Approximation Theorem states that any continuous function can
be approximated by a polynomial. When the original function is only piecewisc
continuous, a piecewise polynomial approximation is used.”!

Cubic polynomials are popular for this purpose as they have continuous first and
second derivatives. Hence they are always 'smooth’ at the subinterval endpoints. When
the second derivatives of the end nodes are zero, the spline .s called 'natural’.”!

The profile of the spine in the sagittal plane can be approximated by a cubic
spline. Bethune (1986) showed that a natural cubic spline could describe a back surface
proﬁle.93 It follows that the normalized difference between these two curves would also
be a spline function.

This was demonstrated by Bryant et al. (1989), and is illustrated in figure 1 .3.6.%8
Note that the spine is naturally separated into three regions by the zero curvatures found

at the C7-T1 and T12-L1 junctions. More details on how the motion of skin markers may
be related to that of the spine are given in Appendix A.

2 This is an easily identifiable anatomical landmark located at the junction of the
cervical and thoracic spine.

b In the literature, Euler's angles are often used to describe the rotations of vertebrae
in 3D space. An alternative is to use directional angles to define the orientaion of a vector
normal to the vertebrae. This subject is discussed further in chapter 3 and Appendix C.
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1.3.5 Describing Coupled Joint Motion in the Spine

There appears to be no clear consensus concerning the exact nature of coupled
motion in the cervical spine. This disagreement may perhaps be attributed to the wide
variety of different techniques being used, as well as to the complexity of the analysis. 112
Nevertheless, the ability to quantify and subsequently analyze such motion may be of use
in the diagnosis of some neck injuries.

Both in-vivo and in-vitro techniques have been employed to quantify the movement
of cervical motion segments. Computer tomography and biplanar radiographs have been
used in live subjects to determine limits of rotation for each joint.!1%:120:121 Motion
segment testing machines have yielded extensive data on coupled motion in cervical spines
from cadavers, 53113

According to Schultz (1987), the three dimensional nature of configurations such
as bending and twisting of the spine make them difficult to describe.%® Furthermore,
attempts to correlate changes in motion ranges with various spinal abnormalities have met
with mixed success. He noted:

" ... there still seems to be no completely satisfactory scheme to measure
longitudinal axis rotations or other complex motions in a clinical setting, despite their

possible diagnostic importance.”

Frymoyer et al (1979) suggested that non-invasive methods be developed to
analyze coupling motion. ' They wrote:

"The most important attribute of ... spinal behaviour is the complex coupling
which occurs. ... it is important that these motion characteristics be quantitatively

analyzed as far as possible. "

Pearcy et al (1984) also examined the phenomenon of coupled motion in the
spine. 12! They found that:

"The complex nature of the intervertebral joints results in coupling movements,
such that when a joint flexes it also may exhibit lateral bending or axial rotation ai the

same time; a full three dimensional analysis is required to describe these movements."
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In Appendix A, a more complete discussion of the unique nature of coupled
motion in the cervical spine is provided, along with the results of several previous studies
on this subject. These constitute important factors in the decision to develop thie enhanced

displays described in chapter 3.

1.3.6 Discussion

In order to identify pathological motion, it is necessary to understand how it
manifests itself. The mechanisms of cervical soft-tissue injury, as well as the diagnostic
methods used to detect them, have been reviewed briefly here and more thoroughly in
Appendix A.

The condition resulting from hyperflexion and hyp:rextension, commonly known
as whiplash, appears to be the major contributor to neck pain. The diagnosis of these
conditions is, however, not standardized.

Nevertheless, the soft tissue injuries we have considered are representative of the
type of pathology that might be detected through motion analysis. Since osscous (ie.
bony) injuries are usually detected by radiographs, these were not considered in detail.

Delayed injury to the spinal cord may result even from non-acute trauma,
particularly due to hemorrhaging (ie. internal bleeding). Pain and subsequent dysfunction,
or even paralysis, can eventually occur. Hence it is essential to objectively identify
possible indicators of injury.

The engineer must be capable of guiding the clinician in linking these factors with
the information provided by the diagnostic device. We have examined some of the
analytical models that have been developed to quantify cervical motion and injury
mechanisms.

The models considered were all developed through analogous approaches. Points
of insertion for muscles or ligaments were digitized and the resulting forces estimated.
Approximations were used to render the systems of equations deterministic. The
cerebrospinal fluid may be accounted for by considering flexible, liquid filled tubes.
However, a biomechanical model for the spinal cord is not yet available.

Physical models are used primarily to test their analytical counterparts. It appears




19

that the physical models do not yet simulate head/neck motion adequately. Accurate
predictive injury modelling is thus not possible at this time, though normal and
pathological motion can be approximated.

Any cervical range of motion analysis should take these models into account.
Algorithms executed by diagnostic equipment to treat motion data must be consistent with
the analytical models. However, pathological motion can only be identified if it can be
compared to known patterns of normal movement.

Hence, the range of normal cervical movement was considered next. By
combining results of in-vitro and in-vivo studies, we were able to approximate the
parameters for nor  dl cervical motion. However, it is apparent from the range of motion
tables (see Appendix A) that there are large variations in the data.

Therefore, they cannot be used as an absolute reference for normal motion, It
appears necessary to accumulate range of motion data specifically meant for use with a
given diagnostic instrument to be used clinically. Nevertheless, such a database should
be compared with the results of studies obtained using other instruments, in order to
verify their credibility.

We also saw that it is possible to obtain a linear relationship between the motion
of skin markers and the spine underneath. This has already been established for the lower
back and may similarly be determined in the future for the neck. Thus, it is reasonable
tc make deductions about underlying injuries based on data from the tracking of skin
markers.

Coupled joint motion was identified as an important factor in the analysis of
cervical movement. Previous studies of coupled joint motion in the spine have tended to
use complicated methods to deduce simultaneous motion in the three principal orthogonal
planes. Hence, as we will see in chapters 2 and 3, the ability of a diagnostic tool to

quantify this motion in a straightforward manner may potentially be very useful.
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1.4 SCOPE OF THE THESIS

We have determined the need for an instrument to perform non-invasive analysis
of cervical soft tissue injuries. We then considered the numerous biomechanical factors
involved in relating the information provided by such an instrument to the injury.

Following a brief summary the review presented in this chapter, we will now
establish the objectives of this investigation. In particular, we will consider the evaluation
and subsequent enhancement of a device designed to meet the need identified above.

This is an on-going research area, which requires a long time to gather and
properly interpret data. Hence, at the end of this section we will clearly define the bounds

of this study, while identifying possible directions for future investigations.

1.4.1 Summary of the Review
This review included consideration of the following topics relevant to cervical
motion analysis:
- current imaging and measurement techniques for relating
range of motion to cervical soft tissue damage,
- the mechanics of relevant injury mechanisms,
- analytical models which may be used to quantify the above,
- a comprehensive summary of cervical range of motion results,
- the localization of anatomical landmarks and how to relate the movement
of skin markers to that of the underlying vertebrae, as well as
- the importance of coupled joint motion in identifying cervical injuries

through motion analysis.

We have thus summarized the many factors relevant to motion analysis in the
cervical spine. First the tools currently available for this purpose were reviewed. It was
determined that they are inappropriate for routine evaluation of soft tissue injuries to the
cervical spine.

We then saw that improperly diagnosed injuries may result in chronic long-term
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effects. In order to design or improve an applicable diagnostic instrument, the engincer
must be able to explain how the clinician may relate the information provided to possible
mechanical injury mechanisms.

Analytical head/neck models are useful in quantifying these. We saw that elements
of these models should be considered in algorithms which perform range of motion
analyses. To eventually be able to differentiate normal from pathological movement, we
also considered results from other cervical range of motion studies.

However, these indicated large discrepancies in the data. Therefore, any
comparison between normal and pathological data should primarily consider results
acquired directly with the particular instrument being used.

Mathematical techniques may be used to establish a relationship between the
motion of skin markers and the vertebrae underneath. Hence, it appears valid to identify
injuries based on the tracking of skin markers. Coupled joint motion was found to be an
important indicator of injury, but existing instrumentation does not provide a simple

means for its analysis.

1.4.2 Objectives

Based on these considerations, it should now be possible to evaluate and, if
necessary, to improve upon a given cervical diagnostic instrument. Hence, we may now
turn our attention to the study of a specific device.

First, however, let us summarize the overall objectives of this study. Thesc arcas
follows:

i) Determine the need for, as well as the subsequent requirements of, any new
instrumentation designed to help identify injuries to the cervical spine. The
information relevant to this objective was provided in chapter 1.

ii) Evaluate whether a particular new diagnostic instrument meets these
requirements. If it does not, the necessary improvements will be identified. This will be
the topic of chapter 2.

iii) The improvements described above will be carried out and explained in detail.

These concerns are addressed in chapter 3.
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iv) The results of this investigation will be examined and recommendations for

further work outlined. This is the subject of chapter 4.

Thus the investigation consists of several distinct steps, as described above. Before
proceeding with the second objective, we will briefly consider the extent of the

investigation and the means which will be used to arrive at the stated goals.

1.4.3 Extent and Methodology of the Investigation

We will begin by describing the diagnostic instrument which is under
consideration here. It is known as the Cerviscope and is manufactured by Spinex Medical
Technologies of Montreal. This device is closely related to a similar instrument used for
lower back diagnoses, called the Spinoscope.

The evaluation of the Cerviscope involves the analysis of some preliminary
experimental data. We then compare this device for examining the cervical spine with the
Spinoscope. The latter is employed for assessing disorders of the lower back. Since both
devices make use of skin markers to analyze underlying spinal motion, we must consider
the relationship between radiographic data and that obtained for the markers.

The above evaluation leads to the conclusion that the displays provided by the
original Cerviscope lack the precision required to accurately identify cervical soft tissue
injuries. This results in the development of a new set of diagnostic displays designed
specifically to analyze three dimensional coupled joint motion.

The enhanced displays are meant to provide information complementary to the
existing displays, as well as to help verify their results. This feature describes cervical
motion in terms of direction angles, which characterize the angular displacement of the
spine in both fixed and moving reference frames.

These angles are derived from the projections onto three orthogonal planes of
vectors whose motion is directly proportional to that of the spine. The three planes
correspond to those typically used to describe the human body ( mid-sagittal, coronal, and
transverse).

The software for such a display must be developed to work in conjunction with
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the half a million lines of code already developed, over the course of several years, for
the Cerviscope (and its ancestor, the Spinoscope). Once the motion data accumulated by
the device is treated, it must also be converted into a format consistent with other displays
being developed by the company.

In particular, the code should be compatible with graphics and mouse handling
capabilities designed in-house, specifically for this machine. It will be written in
Metaware High C, which is a professional quality development system being used for all
software related to this product.

All code is divided into modules, which are sets of files containing routines
preforming related tasks. Modules for the calculation engine, data handler, graphics, and
mouse driver must be developed exclusively for this application. Commercial CAD
packages are not applicable, since they involve the manipulation of data and subsequent
display of lines in a format inconsistent with this product.

In addition, the above modules must be written using state of the art programming
techniques (eg. data abstraction, object oriented design, etc), in order to be consistent
with other code being developed concurrently by Spinex.

Finally, we consider further investigations that will be required. This involves the
integration of both the original tool and the enhanced displays into the clinical diagnostic
process. The accumulation of a large database over a long period of time will be
necessary.

This will lead eventually to a matching of the biomechanical factors described
above with the information provided by the diagnostic displays. The user should then be
able to objectively differentiate between pathological and normal motion in the cervical

spine.



CHAPTER2 - EVALUATION OF A DEVICE FOR THE ANALYSIS OF
MOTION IN THE CERVICAL SPINE USING
KINEMATIC DATA FROM THE TRACKING OF SKIN
MARKERS

2.1 GENERAL

In this chapter we will consider the evaluation of a specific device designed for
the analysis of motion in the cervical spine. This involves a description of the instrument
and the clinical protocol used, as well as some of the factors considered in determining
the potential usefulness of this diagnostic tool. Much of the evaluation results from the
gathering and analysis of data from twenty preliminary test subjects.

The user interface, analytical displays, and printed reports available to users of the
Cerviscope are described in detail. Examples and sample interpretations of the displays
are given. The analytical functions provided by the device are examined next. The
capacity for curve fitting, correctly representing physiological movement, and quantifying
coupled motion are evaluated.

A comparison is made between the methods used for examining the lumbar and
cervical spine using the above device and another closely related instrument. In particular,
we consider how the algorithms for the former were adapted from those developed for
the latter.

Since the lumbar and cervical spine have both differences and similarities, these
must be considered. Finally, we examine the applicability of the device under
consideration to the traditional clinical diagnostic process.

As in chapter 1, the minimum information required to describe and evaluate the
instrument is given here. However, this assessment involves additional factors which are
relevant to the development of the enhanced displays presented in chapter 3. The

interested reader is referred to Appendix B for this information.
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2.2 OVERVIEW OF THE DIAGNMNOSTIC TOOL UNDER CONSIDERATION:
THE USER INTERFACE AND DISPLAY SCREENS

In this section we will examine those aspects of the device under consideration
which are visible to the user. The configuration of the instrument, the user interface, and
the display screens are all related to the ease with which diagnostic information may be

interpreted. We will begin with a description of the hardware configuration involved.

2.2.1 Description

The diagnostic tool being evaluated here is known as the 'Cerviscope'. It is a
modified version of the previously developed 'Spinoscope’, which has been used as an
aid to lumbar spine diagnoses for several years. Both instruments are manufactured by
Spinex Medical Technologies of Montreal.

The Cerviscope and Spinoscope function on the same basic principles: infrared
emitting diodes (IREDs) are attached to the subject's skin and motion is recorded by two
cameras.? Discrete data is accumulated at the rate >f 180 frames per second, using a
customized version of the University of Waterloo's WATSMART motion analysis systcm.
The overall layout for these devices is shown in figure 2.2.1.

In the Cerviscope, seven markers are located between vertebrac C2 and T3. Two
more are placed at T4 and T7, as well as four above the iliac crests and the scapulac,
respectively. In addition, two EMG surface electrodes are positioned bilaterally above the
sternocleidomastoid muscles. The configuration of diodes and EMG electrodes for the
Cerviscope is illustrated in figure 2.1.2,

The kinematic data from the motion of the markers is processed to reduce noise,
such that the spatial coordinates of each marker are defined with an accuracy of one part

in 500. A polynomial is fitted to the best estimate of marker coordinates, from which the

2 Note that the latust versions of these devices will incorporate a three camera system.
This new system, known as the 'Optotrak’, will replace Northern Digital's previous
'"Watsmart' system. The Optotrak is expected to reduce noise related to data acquisition
from infrared emitting diodes.
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location of the projection of the vertebrae is calculated using anthropomorphic tables.
From these it is possible to deduce the various parameters of interest. '*

The original overall analysis provided by the Cerviscope included assessment of
cervical lordosis, thoracic kyphosis, and intersegmental mobility. In addition to these, a
three-dimensional characterization of coupled motion has also been developed as a result
of the present study.

Note that since the IREDs are mounted on the skin surface, the underlying
vertebral motion may only be inferred indirectly. This problem was introduced in chapter
| (section 1.3.4). The performance of the original Cerviscope software will be deduced

indirectly from its overall capacity to help identify cervical injuries.

2.2.2 The User Interface

Many aspects of the interface originally developed for the Spinoscope were carried
over into the Cerviscope displays. The user interface i: ~ntirely r  se driven. Upon
power up of the system, a simple menu is displayed, which allows the user to select the

{ollowing functions:

1) Record v) Archive
i) Playback vi) Utilities
iil) Report vii)  Exit

iv) Database

The first of these is used for recording patient data and the second for reviewing
the recorded motion. The 'report’ screens show groups of parameters, such as gross
motion, intersegmental mobility, etc, derived from the data by the software.

The 'database' option allows selection of any patient whose data is currently
loaded on the computer's hard disk drive. This may be either lumbar or cervical data, and
the appropriate report screen will be displayed based on flags saved in the data base.

The 'archive’ feature is used to transfer patient data to or from floppy disks for
portability and storage and the 'exit' option returns to the operating system. The

‘utilities’ consist of the following installation and maintenance functions:
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1) Data base maintenance v) Real time display
i) Graphics board diagnostics vi)  Super user mode
iii) Camera setup vii)  Spinex hot line
iv) Camera calibration viil)  Exit

The first four of these are self explanatory. The fifth item shows th dind. s and
EMGs on screen to verify that they are all functioning properly. The 'super user mode’
is enabled from here to allow access to extra features not normally available to users (cg.
untreated raw data). The Spinex hot line is used for connecting by modem with

consultants from the manufacturer, in order to perform trouble-shooting.

2.2.3 The Report Screens and Standard Report

In Appendix B a printout of the various pages of the original Cerviscope report
is illustrated. They are shown in a condensed format known as the “standard report”. A
guide exists which explains how the Spinoscope report, which is analogous to the
Cerviscope, may be interpre:ted.74

This format condenses most of the information available from the Cerviscope
‘report' screens into four printed pages. The interpretation of the screens themselves is
similar to that for the standard report, which is also described in Appendix B. The latter
format is designed for convenient analysis of a patient's Cerviscope examination in hard
copy format. Examples of the report displays as they appear on screen are given below
(section 2.2.5).

The first page of the standard report contains general information on the subject,
followed by an overview from several perspectives. The remaining pages repeat the

subject identification and then present details of specific views. Each of these is described

in detail in Appendix B, along with a discussion of their physiological significance.

2.2.4 The Playback Screen
The Cerviscope includes a feature known as 'playback’ which allows the user to

view the motion of the IREDs in real time. Thus stick figures representing the position
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of markers for subsequent frames are displayed in sequence.

This feature provides an intuitively simple way to observe the subject's motion.
The successive frames may be viewed continuously or one at a time. In Appendix C, a
sequence of several frames from the playback screen is used to iilustrate a given lateral
bending motion. In this case, an interval of ten frames was chosen between the printed
pages.

Note that the user may zoom in on a particular view (ie. back, top, or side) and
automatically display the distances between specified IREDs for each frame. In Appendix
C the back view is enlarged in order to examine the lateral bending motion. For
considering flexion extension or axial rotation motion, the respective side and top views

might be enlarged instead.

2.2.5 Examples From the Original Cerviscope Displays

Figure 2.2.1 (@) shows the original menu which appears upon startup of bath
Spinoscope and Cerviscope. As explained earlier (section 2.2.2), this menu allows access
to various functions common to the two instruments. In figure 2.2.1 (b) we see the new
report selection menu which appears when the user chooses 'report’ in the original menu.

From here the cervical coupled motion display (ie. the enhancement described in
chapter 3 may be selected, along with several other options. The ‘regular report’ is just
the original report format, the 'thoracic report' is another new program developed
concurrently with the cervical software, and the 'gait analysis' display is an offshoot of
the latter which is not yet available. 'Exit to shell' simply returns to the original menu.

In figure 2.2.2 the original Cerviscope report screens are shown. These pages
correspond to the standard report printout described in section 2.2.3 and Appendix B.
The overview page [fig 2.2.1(a)] shows stick figures of the subject from various points
of view. This is helpful in giving the user an intuitive picture of the subject's position,
but provides no quantitative information.

The two flexion extension pages [figs 2.2.2(b)-(c)] describe the forward bending
movement. The curves shown indicate mobility between vertebrae, as well as curvature

and angular displacement for different portions of the spine. The mobility curves are
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difficult to interpret objectively and sensitive to errors in treatment of the data by the
original software (see section 2.3). The latter, conversely, tend to be very noisy and have
limited value.

Similarly, the lateral bend page [fig 2.2.2(d)] describes the side to side motion in
terms of the mobility and orientation of the various vertebrae. Both the inter-segment
mobility and the segmental orientation are prone to the same difficulties as the mobility
box for flexion extension.

Finally, in figure 2.2.3 we see the 'playback’ screen, which is used to illustrate
continuous or stop action motion for any frame. The inset box in the side view for figure
2.2.3 (b) gives a running count of the distances between selected IREDs ( referred to as
LEDs here).

As we will see later (section 2.3.3), deducing coupled motion in orthogonal planes
is very tedious using this information. Nevertheless, this display is very uscful in

observing the progression of the subject's motion.
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Fig 2.2.5: Original Cerviscope playback display.
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2.3 ANALYTICAL FUNCTIONS OF THE DIAGNOSTIC INSTRUMENT

Now that we have seen the aspects of the Cerviscope which are visible to the user,
let us now consider how the data from the skin markers is treated internally, We will
want to consider how the instrument filters the data and whether the resulting curves
represent a true physiological picture of the subject's motion.

We also need to determine if the Cerviscope has the capacity for adequately
describing coupled motion. We will consider how the algorithms used for treating data
in the Cerviscope were adapted from those developed for its ancestor, the Spinoscope.
Finally, we will consider situations where examinations with the Cerviscope may be

inappropriate.

2.3.1 Curve Fitting for the Upper Spine

In figure 1.3.3(b) we saw how the progression of lordosis vs kyphosis occurs in
the entire spine. Polynomial curves are used to approximate this curvature for the lower
back in the Spinoscope software. Cubic splines are used to represent different portions
of the lower spine, with interpolation at the thoraco-lumbar junction.

The concept of curve fitting for the spine was considered previously (section
1.3.4). However, this was in the context of correlating the motion of skin markers and
vertebrae. Here we are concerned with goodness of fit between the actual curve and that
used in the software.

Recall that the profile of the spine in the sagittal plane can be approximated by a
cubic spline.?® The spine is naturally separated into three regions by the points of
inflexion found at C7-T1 and TI12-L1.

The cubic spline representation appears to be incorrect for lateral bending in the
upper spine. This may be due to the smaller radii of curvature in this area. The use of
a single second order spline (ie. parabola) was proposed as an alternative in lateral
flexion.

Now let us consider the actual curve fitting that occurs to smooth the

representation of the spine that is displayed. Figure 2.3.1(a) shows an unfiltered A-P view
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of a subject in the neutral position. The three IREDs on the back of the head are
included. Note again the asymmetry due to uneven placement of the cervical IREDs by
the examiner.

In figure 2.3.1(b), the filtered view is shown without the IREDs for the head, as
it would appear on a typical Cerviscope display. Note that the asymmetry has been
smoothed out. Figure 2.3.1(c) shows the same filtered view with the horizontal axis
magnified eight times. This results in an exaggerated point of inflexion and cervical
curvature.

Without the curve fitting, and with the three head IREDs included, the view would
appear as in figure 2.3.1(d). The magnified filtered and unfiltered views are superimposed
in figure 2.3.1(e). Hence, when we consider again the filtered, unmagnified view of
figure 2.3.1(b), it appears to be correctly derived from the raw data.

A different configuration than that shown in figure 1.6.1 may be required for the
Cerviscope IREDs. This would be a response to the problems described above. In fact,
the preliminary examinations described here required a slight modification to the original
configuration.

In particular, the cervical IREDs had to be spaced further apart than originally
anticipated. Indeed, this change may have been partly responsible for the incorrect curve
fitting described earlier. However, it appears unlikely, as the software allows enough
latitude for the cervical IREDs to go as low as T2.

We also saw earlier (section 1.3.3) that the position of the skull may be used to
approximate that of the atlas in rotation.>1"67 Hence the placement of three IREDs on the
back of the head will track the occipital motion. Unfortunately, these IREDs are not
normally shown on the Cerviscope displays. We'll consider this further in chapter 3.

Another problem is that the point of inflexion between the cervical and thoracic
curves actually moves. Hence, it is necessary for the software to constantly track this
point. This procedure is also required if a parabola is used to fit the lateral bending curve
of the upper spine. Note that the actual vertebral motion can only be determined with

certainty from radiographs. This question will be examined again in chapter 4.
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2.3.2 Capacity for Representing Physiological Motion

At this point it is possible to speculate upon whether the Cerviscope represents
physiological motion in a realistic manner. In figure 2.3.2 we see time lapse images of
lateral bending and flexion extension. These have been reproduccd from numerous
individual frames displayed in the playback mode.

The result is similar to the motion illustrated in the standard reports for forward
and lateral bending. Note, however, that there is one major difference. The standard
reports do not show the three JREDS placed on the back of the head.

In the motion shown here, views including the head IREDs have been compared
with the usual "truncated’ ones. Furthermore, the former views represent raw, unfiltered
data. The latter, conversely, represents the data after filtering (ie. curve fitting) by the
software.

Figure 2.3.2(a) corresponds to the latter type of display, normally seen in
Cerviscope reports for lateral bending. As we can see in figure 2.3.2(b) for frame 59,
sometimes the curve fitting results in exaggerated smoothing.

It appears from figure 2.3.2(c) that the unfiltered views, with the head IREDs
included, convey no more useful information than figure 2.3.2(a). Hence, the curve
smoothing and truncation for lateral bending result in an esthetically acceptable image
with no loss of clarity.

The situation is different for sagittal flexion/extension. Figure 2.3.3 shows time
lapse views of two separate flexion/ extension movements performed by the same subject.
In figure 2.3.3(a) the curves are unfiltered and the head IREDs are shown. There is
clearly more forward motion in the movement illustrated on the right.

When the IREDs from the head are eliminated and the curves are smoothed, much
of the information appears to be lost. Even in a magnified view, as shown in figure
2.3.3(b), very little motion can be discerned.

The distinct frames have not been superimposed in figure 2.3.3 as they were in
figure 2.3.2. That would have resulted in too much of the curves being obscured. This
in itself indicates that little change occurs detween the successive frames.

However, the sagittal flexion-extension views shown in figures 2.3.1 and 2.3.2
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do indicate clear motion. Perhaps the subject chosen for figure 2.3.3 had an abnormally

low range. Nevertheless, the time lapse views of lateral bending appear to be much more
explicit.

In Appendix A we saw the comprehensive cervical range of motion data from
several in-vivo and in-vitro studies. An anaiysis of coupled motion in the preliminary
Cerviscope test subjects showed some agreement with these results.

Yet, some subjects are unable or unwilling to perform the full range of movements
prescribed for a Cerviscope examination. It is therefore essential that deductions can be
made about one type of motion from another. This was cne of the factors which led us
to the development of the enhanced displays for analyzing coupled motion, which are
described in chapter 3.

Recall that assessments of cervical lordosis, thoracic kyphosis, and intersegmental
mobility may be .nade with the Cerviscope. The standard report page for axial rotation
consists only of scparate lateral and flexion/ extension views. Hence, if the conclusions
reached from our characterization of coupled motion are consistent with these, it should
provide an additional means of verifying their validity.

All of the four standard views described in Appendix B were obtained for the first
eight Diagnospine subjects. These did not provide sufficient information for an analysis
of coupled motion. This led to the development of displays designed specifically to
characterize coupled motion.

The data collected for the remaining Diagnospine and AST subjects does not
correspond to the standard protocol. Few rotational views were taken, and some lateral
bending views only included one side. Nevertheless, the standard reports were similar,

and this is where the printouts for the initial observations of Appendix B were derived.

2.3.3 Indirect Analysis of Coupled Motion

Deductions inferred from coupled motion may be the only way to diagnose
patients unwilling or unable to perform the standard movements. Until an enhanced set
of displays designed specifically to illustrate coupled motion became available, indirect

analysis had beea used.
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In chapter 3 we will see how coupled motion may be deduced from
flexion/extension, lateral bending, and rotation movements. Such inferences may be made
from the report and playback screens alone, but this requires tedious manual tabulation

of motion in the respective planes. The enhanced displays make this process automatic,

2.3.4 Comparison of Two Closely Related Instruments

In this chapter we have often considered how the software for the Cerviscope was
adapted from that for the Spinoscope. In many cases this was quite acceptable, since the
functions being illustrated were similar.

In other cases, however, the displays developed for the lower back were found to
be inappropriate for the neck. In fact, the entire Spinoscope report format will eventually
be replaced by a new, more flexible one which is currendy under development.

Many of the features to be used in the new Spinoscope displays were incorporated
into the cervical coupled motion display described in the next chapter. However, before
considering the latter further, we may wish to examine some factors which differentiate
motion analysis in the lower back and in the neck.

This would be helpful in distinguishing between features of the Spinoscope which
are compatible with the Cerviscope and those which are not. A detailed discussion of this

comparison is given in Appendix B.

2.3.5 Applicabiiity of the Cerviscope to Clinical Situations

Figure 2.3.4 shows several algorithms for the diagnostic evaluation of injury to
the cervical spine. They are differentiated by the perceived possibility of neurologic
deficit. It must be emphasized that the Cerviscope was not conceived as a tool to be used
when neurologic dysfunction is suspected.

However, according to Herkowitz and Rothman (1984), neurologic deficit may
occur after several weeks, when none was present initially.78 Indeed, initial radiographs
may show no bony or soft tissue abnormality. Although this eventuality is rare, it should

be considered when determining the role of the Cerviscope in diagnoses.
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Fig 2.3.1: Curve fitting by the Cerviscope software.
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Fig 2.3.1(a): Unfiltered A-P view in neutral position, with three IREDS on
(above left) back of head, six on neck, and two on the thoracic spine.

Fig 2.31(b): Filtered version of the same view, without the
(above center) IREDs from the head.
Fig 2.31(c): Filtered version with the horizontal axis magnified

(above right) eight times.
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Fig 2.3.1(d): Fig 2.31(e):
Unfiltered Superimposed
and magnified view of
view, showing figs 2.3.1(c) and
IR=Ds on the 2.3.1(d).
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45

Fig 2.3.2: Superimposed views of lateral bending from successive
frames, simulating time lapse display. Adapted from playback
screen of Diagnospine preliminary data (L-R lateral bend,
subject RM, frames 1-59).

Fig 2.3.2(a): (top left)
Superimposed filtered
‘ 49 views, without the IREDs
from the head. This is how
59 the Cerviscope time lapse
display would appear.

9
19 29

Fig 2.3.2(b): (top right)

Isolated view of frame 59
from fig 2.4.2(a). Note how
the cervical curve is
exagerated. This may be
due to incorrect curve
fitting at the
thoracocervical point of
inflection .

Fig 2.3.2(c): (bottom)

Superimposed,
unfiltered views
showing IREDs on back
of head. Note the
crooked curves in the
cervical area, due to
assymetrical placement
of the IREDs. These
curves are smoothed out
prior to display, as
shown in fig 2.3.2(a).
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Fig 2.3.3: Views from successsive frames of sagittal flexion extension.
The movement has been performed twice by the same subject.
Adapted from playback screen of Diagnospine preliminary
data (subject RF, flexion-extension movements 2 and 4,
frames 1-44)

-

Fig 2.3.3(a): Successive unfiltered views for the two flexion extension
movements, showing the IREDs on the head. Notice that in
some frames not all of these are in the view of the

cameras.
24

24 14

Fig 2.3.3(b): Filtered views of frames from the same movements,
without the head IREDs and with the vertical axis
magnified 100 %.
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Fig 2.3.4: An algorithm for the diagnostic evaluation of injury to
the cervical spine, with and without suspected

neurological deficit. Adapted from Herkowitz and
Rothman (1984).78
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2.4  DISCUSSION

In this chapter we began by considering the methodology for the present study.
The Cerviscope, the cervical diagnostic instrument being considered, was described. This
device is the descendant of a similar instrument used for lower back diagnoses, called the
Spinoscope.

We proceeded to evaluate the capacity of the Cerviscope to meet the requirements
specified in chapter 1. The user interface, display screens, and some aspects of automatic
daia analysis were explained. This was followed by an examination of the data for some
of the twenty preliminary test subjects of this study.

The purpose of this preliminary study was primarily to identify general trends
from the data and to simulate the diagnostic process. It was not meant to represent an
expert or a comprehensive analysis. However, it did illustrate that interpretation of the
original Cerviscope displays may be somewhat subjective.

We have examined here some aspects of inter-subject variability. However,
subsequent testing should also involve re-examination of individuals. This would help to
determine intra-subject variability as well (see chapter 4).

It was also useful to compare how the Cerviscope and Spinoscope operate and the
requirements of their respective roles. Both of these instruments use skin markers to
characterize underlying motion of the spine. We therefore must consider how the data
from radiographs on movement of the vertebrae may be related to that of the skin
markers.

Our evaluation of the Cerviscope indicated that there are some significant
shortcomings in the original diagnostic displays. In particular, characterization of coupled
motion could only be performed manually.

Since this constitutes an important indicator of spinal function, it was decided that
a display automatically calculating coupled motion should be developed. In order for this
to be useful, the interpretation of this new representation of cervical motion must be more
objective than the original Cerviscope displays. The implementation of this enhancement

is the subject of the next chapter.



CHAPTER 3 - ENHANCEMENT OF THE DIAGNOSTIC DEVICE: THE
DEVELOPMENT OF DISPLAYS TO CHARACTERIZE
THREE DIMENSIONAL COUPLED JOINT MOTION

3.1 GENERAL

The evaluation of the Cerviscope presented in chapter 2 illustrated that there were
some shortcomings in its ability to meet the requirements described in chapter 1. A
software development project was undertaken to enhance the device by adding a display
describing coupled motion in the cervical spine. We saw earlier (section 1.3.5) that the
quantification of coupled joint motion is an important factor in analyzing spinal
movement.

This project coincided with work being done to revamp the entire format of
displays available on the Cerviscope and its low back counterpart, the Spinoscope. Thus
the coupled motion project resulted in seveial pages of displays illustrating general, as
well as coupled, motion in the cervical spine.

In this chapter we will examine how these enhancements were implemented. We
begin with a summary of the methodology involved in the development of the new
displays. Definitions of the relevant parameters and description of the required
calculations are provided. Then we examine the implementation of these ideas into a
working software package.

In lieu of commercial CAD packages, program modules are developed for specific
tasks. The role of contemporary programming techniques, the development environment,
the various files within the modules, and the integration of old and new software are
described. We will also consider how some corrections were made to resolve errors in
the original program design.

Finally, we will examine in detail the pages of the new displays. The user menu
and parameter selection functions are described. Some examples are then given to
illustrate how the user may obtain the maximum amount of information from these
displays. Additional details on how the user may interact with these displays are provided

in Appendix D.




3.2 METHODOLOGY

The results of experiments with the Cerviscope also required the application of
analytical methods for reducing experimental error. However, the critical factor in
obtaining precision with this software turned out to be correcting the subject's orientation
in space.

Characterization of coupled motion ultimately involves a series of plots illustrating
principal vs secondary motion. Principal movements include flexion-extension, lateral
bending, and axial rotation (see figure 1.3.3). However, both absolute motion and that
of the markers relative to one another must be considered. Mobility may be represented
in terms of direction angles which correspond to the orientation of vectors calculated from
the positions of the markers.? In particular, vectors normal to triangles defined by IREDs
placed on the head, neck, and shoulders may be determined.

Motion of one such vector may be displayed relative to that of another. Since
translation is automatically neutralized by considering vector motion, only rotational
motion need be examined (ie. vectors have a common origin by definition). We will thus
concentrate here on how the spatial coordinates of the moving IREDs may be treated to
obtain the normal vectors and then the characteristic direction angles.

A thorough understanding of how transformation matrices and direction angles
may be used to relate two moving reference frames is essential to this analysis. This
subject is reviewed in detail in Appendix C. General linear transformations are also
considered (along with an introduction to tensor algebra, which is relevant to the

discussion of the control of head movement given in Appendix B).

3.2.1 Development of the Coupled Motion Display

The coupled motion software is based on the motion of vectors calculated from

3 In this discussion we will refer to 'directional’ angles, rather than the Fuler angles
typically used in the literature. This nomenclature is explained in section 3.4.3 and
Appendix C.
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the 3D spatial coordinates of IREDs placed on the head, neck, and shoulders. In
particular, the direction angles described by vectors normal to the planes of these markers
are used to characterize this motion.

These angles are first calculated with respect to the absolute reference frame
defined when the Cerviscope is calibrated. Then the relative motion of one of the vectors
is shown in the moving reference frame of the other. A total of three algorithms were
developed to deduce the relative direction angles between the vectors normal to the head,
neck and upper back.

The first method involved transformation matrices describing the rotational motion
of each vector relative to the absolute coordinate system.21 Relative motion between the
two vectors was then obtained by multiplying these two matrices and deducing the
direction angles from the resulting matrix for each frame.

The second algorithm bypassed the calculations involving transformation matrices,
by algebraically summing the absolute angles determined for each vector. In both of these
methods, the absolute direction angles of each of the vectors were first calculated for each
frame recorded.

These angles were determined trigonometricaily, relative to the calibration frame
shown in figure 2.2.1. In the third algorithm, the relative angles were deduced directly
from the dot (ie. scalar) products of the two vectors.

Cervical motion data for the twenty test subjects considered in chapter 2 was
treated using each of the above three algorithms. It was found that the algebraic
summation of angles was the simplest and most reliable method for deducing the relative
angles. The calculations for each algorithm are examined again later in this chapter.

Tables indicating principal versus coupled motion in the mid-sagittal, transverse,
and coronal planes were thus obtained for each subject. This corresponds to views from
the side, top, and back, respectively. A single page was sufficient to show the six
permutations of these coupled angles on the display screen.

The results were mostly as expected. Flexion-extension was accompanied by slight
lateral bending. Lateral bending resulted in coupled motion in flexion-extension. Axial

rotation was seen to consist of a combination of the other two movements. Ranges of
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motion were comparable to those reviewed in chapter 1 ( see section 1.3.3 ).

However, for many of the patients, the results displayed were entirely erratic. In
order to determine the cause of this behaviour, extra pages were gradually added to the
display. These included pages illustrating the motion of the vectors, as well as that of the
IREDs themselves, for each frame recorded.

Other added pages showed the absolute direction angles made by the vectors, as
well as their positions in space, for each frame. Note that since frames were recorded
with a constant sampling frequency, this was equivalent to plotting the angles and
positions versus time.

Some progress was made in obtaining consistent results, particularly through the
addition of various digital filtering algorithms. Then cervical data for a new group of
patients from an affiliated clinic in Denver was treated with the new software.
Unfortunately, erratic curves still resulted for some subjects.

It was eventually discovered that the source of the problem lay in the perspective
from which the IREDs are viewed prior to calculation of the direction angles. Recall that
all calculations are based on projections of vectors onto planes representing the side, top,
and back views.

However, if the test subject or IRED placement results in a skewed orientation
relative to the absolute reference frame, then the projections on the principal planes will
also be skewed. In addition, some vectors may be viewed head-on at some phases of their
motion, resulting in projections with disproportionate magnitudes. This will be considered
further below (section 3.4).

The solution to this problem was simply to rotate the vectors in the various planes
prior to calculating the direction angles. The purpose of this was to always view the
vectors on a line perpendicular to their actual orientation in space.

This resulted in the determination of direction angles with a surprisingly high
precision. The calculated angles corresponding to motion of the vectors in the three
principal planes appear to have an error of less than one degree. This estimate is based
on the relatively small range of the various direction angles which result after the vectors

are rotated.




3.2.2 Determination of the Vectors Defining Absolute Motion
If the motion of the IREDs themselves were plotted, it would be difficult to

eliminate noise resulting from movement of portions of the body other than the neck.
Hence, the motion of vectors normal to planes on the head and neck is plotted instead.
/s we saw earlier, such vectors may be easily rotated in space to focus specifically upon
the movement of interest.

We will begin our analysis by considering the spatial coordinates of the three
IREDs placed on the head, as shown in figure 3.2.1 (see also figure 2.2.2 for the overall
IRED placement). Each of these IREDs corresponds to a position vector with its origin
defined by the calibration frame shown in figure 2.5.2. These 'absolute' coordinates are
calculated automatically for each IRED and each frame recorded.

In figure 3.2.2 we see how an imaginary vector may be defined normal to the
plane determined by the position vectors of these three IREDs. This normal is just the
cross product of two vectors between the IREDs. Note that, by definition, the base of
these deduced vectors is the origin. This negates the effects of translation in the absolute
reference frame, so that we may now consider only rotation.

The same procedure is used for calculating vectors normal to the cervical and
thoracic spine. While the IRED chosen for the apex of the head triangle is fixed, that for
the others is variable. Thus the motion of any two IREDs on the spine may be compared.
When the IREDs are adjacent to one another, this comparison corresponds roughly to
intervertebral mobility (ie. relative motion of two adjoining vertebrae).

Alternatively, we may compare the motion of the vector normal to the head with
that of the normal to the cervical or the thoracic spine. In general, the absolute motion
of the latter two will be much more closely related than they would be with the head

vector.

3.2.3 Calculation of the Absolute and Relative Direction Angles
Once the vectors normal to the head, neck, and thoracic spine have been
determined, the direction angles of these vectors may be determined with respect to the

absolute reference frame. This is a simple calculation based on the spatial coordinates of
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the normal vectors.
In particular, the angles may defined as follows:
a = arctan(y/z) [ corresponds to flexion/extension movement or side view ]
® = arctan(x/y) [ " " axial rotation " " top view ]

€ = arctan(x/z) [ " " lateral bending " " back view ]

This calculation is illustrated in figure 3.2.3. The orientation of these angles in
space is shown in figure 3.2.4. The perspectives for the side, top, and back views (as
well as the definitions of the coordinate system) are as shown in figure 3.2.1.

As explained earlier in this chapter, three methods were developed for deriving
the relative angles between the two dimensional projections of the normal vectors. They
involve algebraic summation of the absolute angles, derivation of the relative angles from
the scalar product of the two vectors, or the use of transformation matrices.

In the first two methods, the absolute direction angles of each of the vectors are
first calculated for each frame recorded. These angles are determined trigonometrically
relative to the calibration frame shown in figure 2.2.1.

A transformation matrix describing the rotational motion of each vector relative
to the absolute coordinate system may also be determined. Relative motion between the
two vectors is then obtained by multiplying these two matrices and deducing the direction
angles from the resulting matrix for each frame.

The first algorithm makes use of the above method. The second algorithm
bypasses the calculations involving transformation matrices, bv zigebraicaily summing the
absolute angles determined for each vector. In the third algorithm, the relative angles are
deduced directly from the scaler products of the two vectors.

In the first algorithm, the motion of the head vector with respect to the shoulders,
is calculated as follows:

i) Find the direction angles of the two vectors, with respect to the

absolute coordinate system, for each frame recorded.

it) Determine the transformation matrices to relate the rotating

coordinate systems of the two vectors to the absolute reference
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frame.
iii)  Perform matrix algebra on these two transformation matrices to obtain a
third transformation matrix relating the two rotating coordinate systems.
iv) Deduce the direction angles relating the two coordinate systems from the

definition of the third transformation matrix.

For the second algorithm, steps ii) and iii) above are bypassed. Instead the relative
direction angles in step iv) are determined by algebraically summing the absolute angles
for the two vectors. This requires consideration of the quadrant of each angle in order to
determine its correct sign. The third algorithm deduces the angles between the two
vectors directly from their scalar product. This follows from the formula

a-b= [af IIb]l cos o,
for the angle o between two vectors a and b. Note that this is in effect the 'triple
product’, since the normals to the head and shoulder planes were obtained from the cross
products of vectors in these planes.

In practice it was found that the first method (ie. algebraic summation) was the
simplest and most reliable. However, it was nevertheless necessary to rotate the vectors
prior to calculating the absolute angles. This requires the use of transformation matrices,

as we will see later in this chapter.

3.2.4 Sample Code from the Calculation Engine

Figure 3.2.5 illustrates some sample code from the file CCE_ABS.C of the
calculation engine module. In particular, the subroutine in figure 3.2.5(a) initiates
calculating the absolute angles for each valid movement. Figure 3.2.5 (b) shows the
calling sequence for the subroutines which derive the vectors from the IREDs and then
calculate the appropriate direction angles from their projections.

Finally, in figure 3.2.5 (b) we see how the vectors are derived from the spatial
coordinates of the head IREDs. The code shown here comprises only a small fraction of
the several thousand lines which constitute the coupled motion software. Next we will see

how this code and that from all the other files fit into the overall picture (figure 3.3.2).




Fig 3.2.1:

Vectors normal to the
triangles formed by
groups of IREDs on
the head, neck, and
shoulders. The normal
vectors originate
from IREDs at the
apexes of these
triangles ( on the
head, cervical and
thoracic spine ).
Direction angles are
derived from
projections of these
vectors onto the
principal planes.
Inset shows two
normal vectors with
their base at the
origin, and the angle
between them.

Fig 3.2.2:

Position wvectors
ri to r3 are
shown for three
diodes. The
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normal to the
plane defined by
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and v2 between
the diodes.
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tan (x) = y/z

Mid- sagittal plane
(ie. side view:
corresponds to flexion
extension movement)

tan (8) = x/y

Horizontal or coronal
plane (ie. top view:

corresponds to axial
rotation movement)

tan (€) = x/z

Transverse plane

(ie. back view:
corresponds to lateral
bending movement)

Fig 3.2.3: Calculation of direction angles obtained from
the projections onto the three principal planes




Fig 3.2.4 (a):

Projections
of a given
position
vector on
the three
principal
planes,
showing
direction
angles alpha,
theta, and
epsilon.

zZ-axis

z-axis

/’ /
negative

y-axis
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Fig 3.2.4 (b):

Projections of a
vector normal to
head, neck, or
thoracic spine.
Although the y
coordinates are
negative, this
will not affect
the magnitudes
of the direction
angles.
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Fig 3.2.5: Samgple program code from ‘CCE_ABS.C"’ file of the calculation engine module.

Fig 3.2.5 (a): Subroutine which initistes calculations of the absolute angles for each valid movement (ie.
Hexion/Extension, Lateral Bend, and axial rotation - which is called Other Movement in the software).
Thus routine is called from CCE_MAIN.C, the main drived 1or the calculation engine.

/! Create tables of data corresponding to absolute motion of IREDs

int abs_tables(
int nk_tred, int th_ired, // selected neck and thoracic IREDs

Meathod_Type method) // caleulation algonthm

{

// Calculate absolute angles and transformation matrces
/1 tor sach vald principal movement
it ( dbem_vehd_movement(FE)} )
abs_frames(FE,nk_ired,th_ired,method);
it ( dbcm_valid_movement(LB) )
abs_frames(LB,nk_ired,th_ired,method);
if { dbem_valid_movement(OM) )
abs_frames(OM,nk_ired,th_ired, method);

raturn O;
} !/ end of absolute_tables procedure
Fig 3.2.5 (b): Calling sequence for the subroutines which derive the vectors from the IREDs and then calculate

the appropnate Euler angles from their projections. This routine is called from the 'abs_tables’ routine
above.

/1 For each trame determine Euler angle corresponding to vectors normal
/1 to groups of head, neck, and thoracic IREDS
static int abs_frames(

Movement_Type movement, // current principal movement,
int nk_tred,int th_red, {/ neck and thoracic IRED numbers
Method_Type method) /I calculation method
{
int frame; {f current frame
int total_trames;  // number of frames for current movement
int err= 0; /1 error flag

/I Get number of frames for current movement
err = dbcm_get_frames(movement,&total_frames);

/I STEP 1: Get coordinates of IREDs for each frame and determine
i vectors notmal to head, thoracic and neck planes
for (trame = O; frame < total_frames; frame + +) {
err = abs_vectors(movement,HD_GR,frame,0);
ert = abs_vectorsimovement,NK_GR,frame,nk_ired) || srr;
ert = abs_vectors(movement,TH_GR,frame,th_ired) || err;
if (err) {
MESSAGE(Fatal, "abs_frames{)-- could not determine vectors.”);
goto clean_up;

}
}
1l STEP 2: Filter vector normal to head, thoracic and neck planes
err = hilter_normalimovemaent,HD_GR);
arr = hiter_normal{imovement,NK_GR) || err; I/l neck group
arr = hiter_normal(movement, TH_GR) |} err; {I thoracic group

i (err} {
MESSAGE({Fatal, "abs_frames()-- could not filter vectors.");
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goto clean_up;

}

/1 STEP 3: Calculate alpha angles for above normal vectors
for {frame = O; frame < total_frames; frame + +) (
err = abs_alpha_angles(movement,HD_GR,frame,method);
err = abs_alpha_englesimovement,NK_GR,frame,method} || err;
err = abs_alpha_angles(movement, TH_GR,frame,method) || err;
if lerr} {

MESSAGE(Fatal, "abs_frames()-- could not caiculate elpha.”);
goto clean_up;

)
}
/1 STEP 4: Based on sbove results determine rotation angles required to
1 correct normal vector in alpha plane

err = alpha_rotation_anglesimovement, HD_GR,total_frames};

err = alpha_rotation_anglesimovement,NK_GR,total_trames) |} err;

arr = alpha_rotation_angles(movement, TH_GR,total_frames) || err;
if (err) {

i

MESSAGE(Fstal, "abs_frames()-- could not determine aipha rotations.™);
goto clean_up;

}

/! STEP 5: Calculate theta angles for normal vectors
for {frame = O; frame < total_frames; frame + +) {
err = abs_theta_anglesimovement,HD_GR.frame,method):

err = abs_theta_angles{movement,NK_GR, frame,method) || err;
arr = abs_theta_angles(movement, TH_GR, frame,method) || err;
i (are) {

MESSAGE(Fatal, "abs_frames()-- could not calculate theta angles "},
goto clean_up;

}

/1 STEP 6. Based on above results determine rotation angles required to
/! corract normal vector in theta plane
err = ‘hata_rotation_anglesimovement,HD_GR, total_frames);
orr = tneta_rotation_anglesimovemant,NK_GR,total_frames) || err;
err = theta_rotation_anglesimovement, TH_GR,total_frames) || ert;
if {err) {

MESSAGE(Fatal, "abs_frames{} - could not determine theta rotation 7},
goto clean_up;

}

/! STEP 7: Calculate epsilon angles (and transformation matrices)
for (frame = O; frame < totai_frames; frame + +) {
err = abs_epsilon_angles{imavement, HO_GR,{rame,method);
err = sbs_epsilon_anglesimovemnent,NK_GR,frame,mathod) || err:
err = abs_epsilon_angles(movement, TH_GR,frame,method) || err;
if Lerr) {
MESSAGE(Fatal, "abs_frames()-- could not calculate epsilon angles.”);
goto clean_up;
)
}

/1 STEP 8: Normalize the Euler anglas with raspect to first frame
err = abs_normalize_angles(movement,HO_GR,total_frames);
err = abs_normalize_angles(movement,NK_GR,totsl_{rames) || orr;
arr = abs_normalize_anglesimovement, TH_GR,total_frames) || arr;
if {err) {
MESSAGE(Fatal, "abs_frames()-- could not normalize angles "),
geto clean up;

}




/I STEP 9: Filter the above angles
err = filter_absolute_angles{movement,HD_GR);
err = filter_absolute_angles(movement,NK_GR) || err;
arr = filter_absolute_aengles(movemenrt, TH_GR) || err;
it {err) {
MESSAGE(Fatal, "abs_frames()-- could not filter angles.”);
goto clean_up;

clean_up:
return err;

} I/ end of 'abs_frames' procedure

Fig 3.2.5 (c): Excerpt from the "abs_vectors’ routine called from ‘abs_frames’ above. Here we see how the vectors
for the head are determined from the psotions of the three head IREDs. The procedure for the neck
and thoracic vectors is similar.

{! Calculate vectors between specified group of IREDs

stalic int abs_vectors(
Nt movement,int group, Il current movement, group, frame
int frame,int ired) /! and selectad LED

/| Temporary vanables to be used for calculations
Point r1,r2,13;

Point v1,v2,*nrm,

doubie magn;

double magn_xy, magn_xz, magn_yz;

// Get coordinates of 3 head IREDs for current frame

/1 and movemant
dbcm_get_point(&r1,movernent,IRED_1,frame);
dbem_get_point(&r2,movement,IRED_2,tramel;
dbcm_get_point{&r3,movement,IRED_3,frame);

{/ Calculate two vectors batween these three points
vix =rl.x-rd.x;vly = rly-rd.y; vz = rt.z2-r3.2;
v2.x = r2.x - 13.x; v2.y = r2.y-r3.y; v2.2 = r2.2-r3.2;

/l Notmaliza the vectors
magn = sqrtivl.x*vli.x + viy*vly + viz*vl.z);
vl.x = vi.x/magn; vl.y = vl,y/magn; vl.z = vl.z/magn;

magn = sqrt{iv2.x*v2.x + v2.y*v2.y + v2.z2'v2.2);
v2.x = v2.x/magn; v2.y = v2.y/magn; v2.z = v2.z2/magn;

/1 Detarmins snd point of the normal vactor as the cross product of
// these two (see also 'mi_norm' in "'mathhb h')

nm->x = {vl.y * v2.z2) - (v2.y * v1.2);

nm->y = {(v1.z * v2.x) - (v2.z * vi.x);

nrm->2 = {(vix ® v2.y) - (v2.x * viy)

/] Save the results 1n a table of vectors for the current

/l movement, group of IREDs and frame
dbcm_set_vectors({vl,v2,nrm,movement,group,frame);

} Il end 'abs_vector’ procedure
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3.3 SOFTWARE IMPLEMENTATION: OBTAINING A WORKING PRODUCT

Any new software written for the Spinoscope or Cerviscope must be compatible
with the other programs developed by Spinex. Over the past ten years, roughly 500,000
lines of code have been written for these machines by various engineers and
programmers. In comparison, the new software modules which were written specifically
for the enhanced cervical display consist of about 13,000 lines of code. All programs are
written in Metaware High C, which is a professional grade compiler. They are run from
MSDOS (Microsoft Disc Operating System) on INTEL 80386 compatible processors.

As we saw in the previous section, the implementation of the enhanced display to
characterize coupled motion was not just a simple application of the biomechanics theory.
The original version of this enhancement consisted only of a new calculation engine
module and a means for interfacing with the old Cerviscope software (ie. the old report
and graphics). However, the latter was difficult to use and nearly impossible to modify.

Meanwhile, a new set of utility programs for lowlevel graphics and mouse
capabilities was being developed in-house by Spinex. These were designed to be
compatible with the high resolution Matrox graphics boards and Metaware High C. As
a result, when the interface between the enhanced cervical display and the old report did
not immediately work properly, it was considered simplest to implement this display by

making use of the new lowlevel graphics and mouse utility routines instead.

3.3.1 Applicability of Available CAD Packages

Commercially available CAD packages were not deemed appropriate for the
lowlevel graphics and mouse handlers described above. They are generally slow, require
too much memory, and have limited programming capacity (eg. no arrays or nested
loops). There is also limited capacity for report generation and curve fitting.

These packages tend to be run through interpreters, rather than be compiled. In
addition, the data input and user interfaces do not correspond to the formats required for
Spinex products. Perhaps more important, however, is that CAD packages are not
compatible with Matrox boards and High C. Hence, all software for Spinex products is

currently written in-house, although this may change if the Matrox card is no longer used.
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33.2 Programming Techniques and the Classification of Modules

Modern software engineering techniques require adherence to the principles of
data abstraction and object oriented programming. The former involves the division of
software packages into distinct modules dealing with specific tasks. These modules are
in turn divided into traditional subroutines, with information passed back and forth
through particular parameters.

Data abstraction requires that calling programs in distinct modules not be aware
of the definition of data structures in other modules. Parameters are passed back and forth
with globally defined structures, with the calling routine expecting specific results.

How the called routine accomplishes these results, however, need not (and should
not) be known. Thus internal changes within the various modules need not affect other
modules, as long as the calling conventions for subroutines remain unchanged.

Conversely, in the case of object oriented programming, the called routine is
unaware of the origins of the parameters which are passed to it. The calling program
defines pointers to objects (ie. data structures) and passes these to subroutines. There
could be one or many versions of this object, all with the same format.

The calling programs decide which one(s) to pass to the subroutines. The
subroutines, in turn, know only that they are receiving pointers to a specific type of
object, but not which one. Hence the operations preformed are generic in nature.

In the new cervical software being considered here, separate modules were
implemented for the calculation engine, the main driver, data handling, and graphics.
Names of files within these modules all start with 'C' for cervical, followed, by the
prefixes CE, DR, DH, or GR. respectively. Each file has a suffix identifying its
particular role (file names must be under eight characters in MSDOS). These modules are
shown in figure 3.3.1.

The coupled motion display eventually grew from a single page to a
comprehensive set of screens describing cervical motion in detail. The modules described
above consisted of files which contained sets of routines designed for specific tasks. These
files are shown in figure 3.3.2.

In particular, the main driver module consists of a main program (located in the
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file CDR_MAIN), a mouse command file (CDR_MSE), and an initialization file
(CDR_INIT). The main program first calls the initialization routines (within CDR_INIT)
to set up the screen and mouse. Then the spatial coordinates of the IREDs and any other
pertinent data is obtained from the original Cerviscope data base for the current patient.

This data is entered into a new database specifically for the coupled motion display
through the data handler. All subsequent data extraction or entry is accomplished by
passing parameters to and from subroutines within the data handler.

In accordance with the principals of data abstraction only the data handler "knows"
in what format this data is stored. By the same token, only the calling routines know
which specific objects they are asking the data handler to modify (eg. the data structure
corresponding to a specific patient).

The calculation engine is then called to treat this data and save it (through the data
handler module) to a format suitable for the new display. The initial page of the display
is then put on the screen by the graphics module. After this, control is relinquished to the

mouse driver, which waits for input from the user and reacts to this appropriately.

333 The Role of Various Files Within the Modules

We saw above how the main module is divided into files. Similarly, the other
modules each include files with specialized roles, within which are sets of subroutines that
correspond to specific related tasks. For example, the calculation engine contains the files
CCE_MAIN, CCE_ABS, CCE_REL, CCE _FILT, and CCE_PLOT.

These correspond, respectively, to the main driver for the calculation engine, files
which handle absolute and relative data, one which preforms filtering operations, and one
which tabulates data to be plotted. The first of these calls the others in turn to perform
their specific tasks.

The second, CCE_ABS, treats the raw data corresponding to spatial coordinates
of the IREDs in the absolute reference frame to obtain direction angles for each frame.
Then CCE_REL converts these to relative angles corresponding to the moving reference
frames associated with each IRED. Routines from the file CCE_FILT are called at

various times to smooth the resulting curves. Finally, CCE_PLOT tabulates the relative
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angles of the specific IREDs selected by the user in a format compatible with the display.

In the data handler module there are only two filess CDH_DBCM and
CDH_LEDS. The first suffix stems from 'data base for coupled motion'. It is a relatively
large file containing the definitions for the data structures of the cervical coupled motion
database, as well as numerous routines for interacting with it. Only these routines are
aware of the format of the database and may access this data directly.

All other modules access the data by passing parameter to and from the modules
within this file. The file CDH_LEDS contains a single routine, which is called during the
main programs initialization phase, to get the patient data and store it in the new database.

In the graphics module there are files corresponding to the drawing of each page
of the display (CGR_PGO1 to CGR_PGO06). Arother file (CGR_AUX) contains auxiliary
output routines for tasks such as printouts, on-screen messages, and so on. There is a
single file (CGR_HELP) to display the help screens corresponding to each page and
another for the screen describing how parameters may be modified by the user
(CGR_PARM).

Allinformation is shown on the screen by being added to particular types of boxes
(ie. containing text, data points, etc), which are int turn added to various display areas.
Three files include routines specifically for creating boxes containing the title
(CGR_TITLE), remarks (CGR_RMRK), and the menu (CGR_MENU) areas, which are
appear on the various pages. The file CGR_DRAW contains routines common to the
others (eg. add a series of points to a data box, add text to a text box, add a specific type
of box to an area, etc).

Finally, let us consider again the main driver module. We saw above how the
main program in CDR_MAIN calls the initialization routines, the calculation engine, the
graphics module, and the mouse handler in turn. The mouse handler, like the main data
handler CDH_DBCM, is a relatively large program.

It contains & short routine which waits for the input from the mouse, as well as
a much longer routine for taking action when any of the twenty three menu boxes are
activated. Each of these boxes is a sub-area of the mouse area, and is sensitive to either

or both of the mouse buttons being depressed.
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The code segments which handle each specific box receive a pointer to the box
itself, so that it may refresh the box when it is activated, and an object called 'report’.
The report contains data describing the current status of the display and the parameters
selected by the user (or chosen by default). Even the various areas to be displayed (titles,
remarks, data boxes, etc) are defined here.

Since the report object is the only contact that the mouse handler has with the rest
of the program, it must provide access to any parameters that are to be altered or arcas
to be re-displayed. However, there is no reason why two or more reports cannot exist
simultaneously (eg. to be displayed on separate screens or overlaid). Similarly. the data
base described above is an object which need not be unique. In this way, the results

calculated for two or more one patients may be simultancously displayed and compared.

33.4 Integration of the Old and the New Cerviscope Softwarce

Although the coupled motion display eventually became distinct from the old
Cerviscope displays, a common data base was required for accessing patient information.
The flow of data is illustrated in figure 3.3.3. Note, however, that once the IRED
coordinates were accessed, the new display makes use of its own independent data handler
for subsequent storage and retrieval.

Originally the new display was meant to be compatible with the old Cerviscope
software. However, it eventually became part of the new line of products which were
meant to entirely replace the old Spinoscope and Cerviscope displays.

This left the problem of how this new display could be distributed to customers
immediately, since the remaining new report displays were not yet available. The solution
was to implement an interface between the old and the new software, as shown 1n figure
3.3.4.

This consists of a secondary menu accessed by selecting the 'report’ option in the
original 'Spinoscope/Cerviscope' menu. From here the user chooses which version of the
report software to run. The result is a smooth transfer between the old and new displays.
The selected programs are actually run directly from the operating system, rather than as

subroutines, but this is transparent to the user.
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3.4 REFINEMENTS AND CORRECTIONS

So far in this chapter we have seen how the new cervical coupled motion software
was implemented. We also saw, however, that this implementation did not always have
the desired resvlts. In particular, for some time the curves displayed did not appear as

expected. We will consider here how this problem was eventually resolved.

3.4.1 Curve Smoothing

Various forms of curve smoothing were implemented during development of the
coupled motion display. Originally, the smoothing was requiied simply to eliminate noise
inherent in the data acquisition process of tracking skin markers.

FFor this purpose a variable order polynomial curve fitting algorithm was first
used. This achieved the desired results, but was too slow. It was thus replaced by a third
order cubic spline fitting algorithm which was very effective.

However, it was eventually discovered that vectors viewed head-on caused spikes
to occur in the curves for the affected frames. This later led to implementation of the
vector rotations described below. An interim solution was to try to remove the spikes
using a digital filter with a variable window size.

The idec behind this was to predict when the spikes would occur, label the frames
which were at risk, and then increase the window size for these frames only during
filtering.

The cubic splinc filter mentioned earlier was too inflexible to allow this procedure.
Hence, a simple, but highly variable moving average filter was developed to implement
the above scheme. In particular, the window size varied from 5 to 25 frames, depending
upon the weighted risk factor attached to a given frame (fig 3.4.1).

As it turned out, onice the vector rotations were added, the spikes disappeared. The
filter window size was then fixed at five frames, which was suitable for curve smoothing
related to data acquisition noise. The variable size option was maintained, though, in case
a future problem is discovered which requires this type of 'smart' filter.

Another problem was that some IREDs, particularly on the head, were periodically
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lost from view to one or both of the cameras. This resulted in an interpolation algorithm
being automatically enabled by the data acquisition software.

Unfortunately, the resulting interpolation was not precise enough for the type of
calculations made by the coupled motion software. Hence, such data had to be recognised
and labelled as erroneous on the display screen.

This problem was partially resolved by medifying the Cerviscope head harness in
order to make these IREDs more visible to the camera. Nevertheless, IREDs might still
sc.aetimes be lost from view and the resulting data should be identified.

Fortunately, the vector rotation scheme resulted in angle calculations of sutficient
precision that the interpolated angles could easily be differentiated from the true ones. In
particular, specific ranges for the various angles were determined (eg. the axial rotation
angle 8 was always in the range (-15, 15) degrees for a flexion extension movement).
Angles resulting from interpolated data were thus easily recognisable as being well

outside these ranges.

34.2 Rotation of Normal Vectors

Despite all efforts to smooth curves, recognize interpolated data from invisible
IREDs, etc, there remained some unexplained erratic curves. It was finally discovered
that the main culprit was the perspective from which the normal vectors were viewed
prior to calculating the absolute direction angles.

As we can see from figure 3.4.2, the angle from which we view a given vector
will affect the magnitude of its projection onto a plane. Hence, vectors viewed head-on
will have very small magnitudes in comparison to those seen from a viewpoint
perpendicular to the vector.

When calculating angles described by these vectors (particularly using the arctan
function), the results will jump whenever the magnitude of the vector approaches zero.
Indeed, in the variable window size filter described above, this was the test usec to
determine if a vector had a high risk of producing a spike for a given frame.

In order to have smooth curves describing the angle made by the vectors {or each

frame, it is necessary to rotate the vectors prior to calculating *he direction angles. Since
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the direction angles are always ca’culated from only two out of three of its 3D
coordinates, a rotation about the third axis will not affect the values of the angles.

It will, however, result in consistent magnitudes for the vector itself, as its moves
through space. These magnitudes never come close to zero, and the spikes in the angle

curves are thus eliminated. The required rotations are indicated in figure 3.4.3 .

3.43 Direction Angles Versus Euler Angles

We saw in chapter | (section 1.3.5) and in Appendix A that the literature tends
to discuss coupled joint motion in the spine in terms of Euler angles. However, the
correct use of Euler angles should refer specifically to the series of rotations required to
translate from one coordinate system to another. These are known as the angles of
nutation, precession, and proper rotation.

Another way to define the 3D motion of a vertebra is to consider the orientation
of a vector defined to be normal to its anterior surface. In particular, we may refer to the
direction angles between the vector and the three orthogonal coordinate axes. These
angles are often defined by the direction cosines of the vector's 2D projections. As we
saw earlier (section 3.2), however, they may also be defined using the tangent function.

Since we often discuss transformations betwecn rotating coordinate systems in this
chapter, reference to Euler angles would be appropriate. Nevertheless, the definitions of
the angles alpha, epsilon and theta given in section 3.2 correspond more closely to
direction angles. Hence, strictly speaking, it is incorrect to call them Euler angles. More
complete definitions of Euler and direction angles, as well as a discussion on linear

transformations, are given in Appendix C.
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3.4.1 (a):

Original
unfiltered
curve,
showing
noise due to
the data
acquisition
process.

Fig 3.4.1 (b):

Fig

Curve after
first pass of
the moving
average
filter,
showing
variable
window
sizes .

3.4.1 (c):

Curve =fter
third pass
of filter.
For less
severe
spikes, only
two passes
are
required.
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z axis / Observer
Normal
vector \
Plane of | ~ |-
normal / ‘\\
vector -
projection . F K3
- T
— (
y axis - B/\-"'*
e
.7
Coordinate
system / / ™~ Triangle
defined by X axis formed by
calibration three IREDs
frame. on subject.

Fig 3.4.2 (a): A vector normal to the plane formed by three IREDs
on the head, or on the neck and shoulders. Here the
normal vector is viewed from the back at an an angle
more or less perpendicular to its direction in space.
z The projection of the vector has a large magnitude
/ and the angle epsilon is easily determined.

Normal vector after
it has turned toward
the observer.

Fig 3.4.2 (b): As the vector moves, at some points it ma be
viewed almost head on. The resulting projection has
a small magnitude and the angle epsilon is more
difficult to calculate.
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Fig 3.4.3 (a): (right)
From the side the projection X —\ [+ Side view
of the normal vector has a (alpha
nearly constant magnitude. plane)
Hence, no rotations are /

required prior to calculating
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angle alpha.

. Top S.ide . Top view Side

i) view view ii)  (theta) view
(theta) (alpha) (alpha) |

A=

Fig 3.4.3 (b): i) Here the unrotated normal vector is too small when
projected onto the theta plane. ii) Rotation in the alpha
plane results in clear view of vector in the theta plane

(box).
Top view (theta) Back view Side view
m - \ Qi)
ii) _7H< E— l

Fig 3.4.3 (c): i) In this case, the unrotated normal vector's magnitude is
too small when projected on the epsilon plane.
ii) Rotations in theta and alpha planes result in clear view
of normal vector in epsilon plane (box).
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3.5 RESULTS: THE SIGNIFICANCE OF THE ENHANCED DISPLAYS

At the conclusion of chapter £ ~e saw how that it was mainly the inability of the
original displays to characterize coupled motion which led to development of the
enhancements. However, as it turned out the new software also provided more precise
curves describing the projected motion of the IREDs in the various planes.

In addition, it is fully compatible with the other new report software being
developed concurrently by other programmers to replace the old report completely. This
reflects an improvement in programming style, esthetic presentation, and maintainability,
as well as precision of the curves ( and hence accuracy of the resulting interpretations)
displayed on the screen.

The implementation of the various steps described in this chapter led to a working
product with consistent results. Recail that both the data from the preliminary study of
chapter 2, as well as for patients from an affiliated clinic in Denver, originally showed
erratic curves for the coupled motion software,

Incorporation of the vector rotation scheme resulted in smooth curves and ranges
of angles within clear limits for these subiects. One set of data even included interpolated
results for IREDs lost from view. The situation was successfully recognised by the
coupled motion software and labelled as such on the display screen (this can be verified
using the old Cerviscope playback mode).

Hence the coupled motion software eventually resulted in a new set of working
displays which had conveyed the desired information to the user. In this section we will
examine photographs from both the original and enhanced Cerviscope displays, as well
as compare the two.

Then we will look at some specific aspects of the new display and how the user
interface operates. In particular, we consider examples of how some parameters may be
varied by the user, as well as the vector rotations described earlier. The use and
interpretation of the new display is described fully in Appendix D, which is a guide

produced for distribution to Spinex customers.
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3.5.1 The Pages of the Enhanced Display

Let us now briefly examine the six pages of the enhanced Cerviscope display.
Figure 3.5.4 shows each of these, along with the help screens which accompanies them.
The latter provide descriptions of what the user sees for each page Note that it is not
possible to combine pages from the original and enhanced Cerviscope reports.

Hence, the new display must provide a complete and self contained picture of the
subject's motion. This results in a certain degree of redundancy, since the new display
must provide some information contained in the original, as well as new details previously
unavailable.

The mouse driven menu is on the left. On the top of this area are seven green
boxes for selecting pages 0 to 6 ( page 0 has not yet been implemented, but will probably
consist of an overview of the others). A single small yellow box 15 used to llustrate the
vector rotations described in section 3.4.2.

The larger yellow box bellow is used to vary parameters for cach page, and 1s
described in the next section. The red boxes on the bottom left are used to select the
printout, exit, and help screen functions. An overlay function, allowing comparison of
curves for different patients, will be added later.

Patient and page identification are on the top, and a box providing comments or
instructions to the user is on the bottom of the screen. For detailed descriptions of cach
page and the relevant parameters, please see the user's guide in Appendix D.

The motion of the vectors between the IREDs on the head, neck, and shoulders
(which were defined in section 3.2), is illustrated on page 1 [fig 3.5.1 (a)]. The red and
yellow lines represent the vectors which are in the plane of the subject's skin. The white
lines are virtual normal vectors perpendicular to these and extending straight out from
IREDs on the head, neck, or thoracic spine (see figure 3.2.1).

By examining the white lines, the user may determine the exact oricntation of
these for any frame(s). In particular, with some practice, he/she can recognise
immediately if the subject had an exaggerated (or unusually small) motion in any given
direction. Note that the vectors are scaled to have inagnitudes between -1 and +1 non-

dimensional units. This is thus mostly qualitative information, analogous to the overview
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page of the original display (see also page 5 below).

On page 2, however, we see a quantitative description of the angles described by
the normal (ie. white) vectors shown on page 1, for each frame [fig 2 5.1(b)]. These
angles correspond directly to the forward/backward, side to side, or axial rotation motion
of the subject's spine. Hence, even though it is actually the motion of the normal vectors
which is shown, these curves may be used to interpret the motion of the spine.

Alpha, epsilon, and theta represent the angular displacement in forward flexion,
lateral bending, and axial rotation movements, respectively. The latter is not currently
included in the standard Cerviscope examination protocol (Appendix B). Please see
section 3.2 for more exact definitions of these angles.

On this page the red and yellow lines represent the angles made by any two of the
normal vectors emanating from the head, neck, or thoracic spine (see message on bottom
of the screen). These are still 'absolute’ angles, rather than relative, since they are
calculated with respect to the fixed coordinate system of the calibration frame (see section
3.2.2).

On the next page, however, we see the same angles combined into a single relative
angle between the two selected normal vectors [fig 3.5.1(c)]. In the next section we will
sce how the IREDs from which the normal vectors emanate may be varied. The result is
that the user may display the relative mobility between any two IREDs on the head, neck,
or thoracic spine.

This is directly proportional to the intervertebral mobility of the underlying
vertebral column. Hence page 3 is analogous to the mobility boxes shown for flexion and
lateral bend in the original Cerviscope report - but much more precise. At this point,
however, we have not yet considered coupled motion (ie. simultaneous motion in
orthogonal planes).

For that purpose we consider page 4 in figure 3.5.1 (d). Recall that the relative
angles of page 3 represented the combination of the absolute angles of page 2, for each
fitume. On page 4 we see how these angles vary with respect to each other, rather than
with respect to time.

Hence, for example, the subject may be seen to unintentionally bend five degrees
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to the left while bending thirty degrees forward. Similarly, a lateral bend movement of
fifteen degrees is accompanied by an axial rotation of the same amount (ie. there is a one
to one correspondence between these two movements).

This type of 'coupled’ motion is typical, since (as we saw in sections 3.1 and 1.3)
the arrangement of the vertebrae relative to one another normally makes motion in a
single direction impossible. By studying the degree of coupled motion present in both
normal and pathological populations, it should be possible to quickly match this motion
with type of injury (or lack of it) which produces it. We will consider the implications
of such a database further in the next chapter.

Finally, pages 5 and 6 [fig 3.5.1(e)-(f)] of the new display are meant mainly to
complement the previous pages. In particular, page 5 itlustrates the position of the normal
vectors (ie. the white lines of page 1) versus time. Since clinicians are primarily
considered with the angular displacements of the spine, this page serves only to clarify
and quantify the linear displacements shown on page 1.

As for page 6, these stick figure views were added only to provide an intuitive
description of the movement of the IREDs themselves, as opposed to the vectors joining
them. Recall that the qualitative information of page 1 is directly quantified by the curves
shown on pages 2 and 5 (ie. showing angular and linear displacements, respectively, of
the normal vectors). Page 6 is purely qualitative, however, and may be described as a

simplified version of the original 'playback’ display.
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ABSOLUTE ANGLES US TI'E

The ‘sbeclute angles v time’ page tllustrates the shsolute
angles betussn the wectors perpendicular to the head, neck,
and shoulders. On the ’‘rslative wectors vs time’ page these
angles are shown cosbined. In the absalute cese, they are

~ separate. For exasple, the angle ‘alpha’ boxss shou the
relative motion between the head and neck in the mid-sagittal
plane, These angles will very, depending on whether the
primey motion is fluimtmlm. lateral bending, or
axial rotation.

Similarly, the mlloﬂ and theta boxes show the absolute ,
angles in the transverse and horizontal planes, respectively.
. Note that the ralative motion betwsen the neck and shoulders,
or the head and neck may also be stlected. Indesd, this may
even be extanded to the relative motion between two adjacent
LEDs, shich corrssponds roughly to tnter-ssgmental sobtility.

b) Page 2: Absolute angles versus time.




RELATIVE ANGLES US TIME

The °relative angles vs time” page illustrates the relative.
angles betwesn the vectors perpendicular to the head, neck,
and shoulders. On the ’absclute vectors uvs time’ page these
angles are shoun separately. In the relative case, they are
combined. For example, the ‘angle alpha’ boxes show the
relative motion batusen the head and neck in the mid-sagittal
plane. This angle will vary, depending on whether the primary
wotion is flexion/extension, lateral bending, or axial
rotation, : L

Similarly, the epsilon and theta boxes show the relative
angles in the transverse and horizontal planes, respectively.
" Mote that the reslative motion betuween the neck and shaulders,
or the head and neck may alsc be selected. Indeed, this may
even be extendsd to the relative motion between tun ad jacent,
LEDs, which corresponds roughly to inter-segmental mobility.
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RELATIVE ANGLES US ANGLES

The ’relative angles vs angles’ page combines the curves shown
in separate boxes on the ‘relative angles va time’ page. This
results in a total of six combinations (ie.tws for each of the
thres principal movements of flexion/extension, lateral
bending, and axial rotation, For example, the °FE us LB* box
for flextion/extension illustrates the lateral coupled motion
which occurs when bending in the mid-sagittal plane. Similarly
the ‘FE us ROT”. box shous the rutational coupled motion linked
with the same principal mavement. !

- The °LB va FE’ box illustrates the coupled forward or backward
motion that occurs when bending laterally. The ’LB ve ROT? box
‘shows the rotational coupled motion nccoupmutﬁg-ln{ernl
bending. Finally, the ‘ROT va FE’ and *ROT us LB’ boxes show
the coupled flexiocn/extension and lateral bending which
accorpanies axial rotation,
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The “normal: m position’ page 11lustrates the moticn in
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e) Page 5: Normal vector position versus time.




STICK FIGURES

The stick 1 page illustrates the motion of all the LEDs
in the views sesn sesn \from the side, top, and back. These
correspond to the mlu alpha. theta, and epsilon, '
respactively. The defaulframes shown are 0, 5, 10, 15 and so
on, but ather cad:lnctlm may be smlected anqntlwlu.

MENU SELECTION (

Use the FIRST FRAME box to select the first frame you wish to
view, Siplarly, the LAST FRA'E box szlects the last freme to
display, end the STEP SIZE box determines the increment. Note
that the first twoc wiil change by 1 or 10, depending on which
mouse button is pushed. The latter moves up or doun in steps
of ane. If in doubt about the parameters you have selected,
use the DEFRULT box to return to the originsal settingd.
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f) Page 6: Stick figures.



3.5.2 The Menu Area and Seiection of Paramelers

We will now consider how the user may vary the parameters that determine what
he/she sees on the screen for any given page. There is considerable flexibility here, to the
extent that the uninitiated user may easily become confused. It is for this reason that the
parameter selection boxes of the menu are originally locked. They must thus be unlocked
by the user before the default parameters may be changed.

In figure 3.5.1 we saw that upon antry to new displays the menu area contains
several green and red boxes, a single smali yellow box, and a single large yellow box.
As explained above, the green boxes are used to select a page and the red boxes to sclect
functions. The small yeliow box shows the user how the normal vectors of page | may
be rotated to correct their perspective.

Note that these rotations are always performed automatically in the background
prior to calculating the angles shown on page 2. However, page 1 is normally shown with
the vectors in their natural (ie. unrotated) state to illustrate the subject's uncorrected
position. This may be useful in interpreting the motion, since he/she may be leaning, the
IREDs may be positioned crookedly, and so on.

In figure 3.5.2 (a) we see how the menu looks after the user chooses the large
yellow box labelled 'Select New Parameters here'. After confirming whether the user
wishes to unlock the parameters, the single large yellow box is replaced by eight smaller
ones. The original small yellow box is unaffected.

The main area of the display is also replaced by a special help screen, which
describes how the parameters in the new yellow boxes may be varied. Note that the
regular help function is specific to the page being displayed when it is invoked. The
parameter selection help screen, conversely, is displayed whenever the parameter boxes
are unlocked, regardless of the page.

Figure 3.5.2 (b) shows an expanded view of the menu are boxes. The green page
selection boxes are identified by the page description shown within each of them. The red
function boxes are also clearly identified by simple labels. The yellow parameter selection
boxes, however, are more complicated to understand and use. We shall thus look at these

more closely.
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Consider the box labelled 'LED SETS'. This box is used to select the two sets of
IREDs (ie. LEDs), and therefore the origins of the normal vectors, corresponding to the
angles displayed on page 2. The user may thus choose to display the angles for the head
and neck, the head and thorax, or the neck and thorax. This will also affect the relative
angles displayed on pages 3 and 4.

The '"HIGH LED' and 'LOW LED' parameters determine which IREDs will form
the apexes of the triangles shown on page 1 for the neck and thoracic spine. We saw in
section 3.2 that the normal vectors, whose motion is described in the subsequent pages,
are defined by the two IRED:s selected along the spine. The other corners of the triangles
are given by the two IREDs on the shoulders (see fig 3.2.2).

The 'FILT DATA' parameter allows the user to see how the curves of pages 2 to
4 appear before and after they are filtered (ie. smoothed) by the software. The 'RESET
ALL' parameter is used to return all the parameters to their default values and lock them
again. The 'FIRST FRAME', 'LAST FRAME', and 'STEP SIZE' boxes permit the user
to specify exactly which frames he/she wishes to display, as well as the interval between
them.

The '"MOVEMENT' parameter is used for pages 1,5, and 6 to determine which
principal movement (ie. flexion/extension, lateral bending, or axial rotation) is being
displayed. For pages 2 to 4, all the principal movements are shown at once. Finally, the
'ALARM OFF' button is used to disable the alarm message which covers part of the
screen when some IREDs are recognised by the software as being obscured (see section
3.4).

This section has been a brief description of how the user may vary the parameters
for the enhanced Cerviscope displays. The number of ways in which the parameters
described above may be varied is virtually limitless, We will now consider a few
illustrative examples. For more details on how to interact with these display, please see

the user's guide in Appendix D.




Fig 3.35.2: Parameters which may be varied by the user in the
coupled motion display.
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SELECTION OF PARRIETERS
The parassters uvhich mmy be changed in the cervical coupled
motion report arz described below, along with their default
values. You mey ssitch pages (green bowxes), pet help, print a
page, or mxit (red boxes) sithout adjusting any paressters, Ta
procesd, please follow instructions on the bottow of this page.

. . DESCRIPTION OF PRRAMETER SELECTION BOXES

LED SETS: Selects the heed ve thoracic {(defsult), hzad ve
cervical, or cervical ve thoracic groups of LEDs - pages
1, 2, and 4 displaying sbeolute or relative angles,
NECK LED, THOR LED: Selects the LED ta be ueed as the ape! of
the triangle betwsen the shoulders and the reck (default
C2) and the thorex (default T1), respectively — all pages.
FIRST FRAME, LAST FRAME, STEP SIZE: Selecta the frames to be
displayed for °3D uvector mation® and °stick figurs’ pages
(defaults: first freame 8, last frame 70, step size’l).
MOUETENT: Selects principal mation to be displayed for sbove
tuo peges and ‘normal wector ve time’ page (defeult FE). "~
REDRAL: Redrasws the page with the new parassters - all pages.
, RESET ALL: Resets pareswtars to default values - all pages,

a) Selection and description of parameters (yellow boxes). To overide
the default values the user must enable access to the these boxes.

b) Menu boxes for page selection (green), parameter changes (yellow),
and miscellaneous functions (red)
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3.5.3 Some Parameter Variations

Let us consider how the display will change upon variation of the 'LED SETS',
'HIGH LED', and 'LOW LED' parameters. Recall that these wijl determine which
IREDs are being used to determine the origins of the vectors normal to the head, neck,
and thoracic spine shown on page 1. They will also determine which of these are being
compared on pages 2, 3, and 4.

Figure 3.5.3 (a) shows the angles made by the vectors normal to the plane of the
IREDs on the head and to the triangle formed by the IREDs at the top of the neck and
on the shoulders. Hence, this describes the motion of the head versus the top of the
cervical spine.

Similarly, figure 3.5.3 (b) shows the corresponding angles for the vectors normal
to the head and the triangle formed by the IREDs at the mid thoracic spine and the
shoulders. This corresponds, in turn, to the movement of the head versus the middle of
the thoracic spine (which usually remains almost motionless when bending the neck).

The locations shown for the IREDs in figures 3.5.3 (a) and (b) are the default
values for the vectors normal to the cervical and thoracic spine, respectively. In figure
3.5.3 (¢), we see how the angles vary for the cervical versus the thoracic spine, with
these IRED:s selected.

Finally, figure 3.5.3 (d) shows how the 'high' and 'low' IREDs may be adjusted
to describe the motion between any two IREDs along the spine. In particular, in this case
the IREDs at C6 and T1 are the 'high' and 'low' values, respectively. This corresponds
roughly to the mobility (ie. intervertebral mobility) between the vertebrae at C6 and T1.

Of course, even though the motion of the nonual vectors is shown precisely, it is
still only an approximation of the underlying vertebral motion, due to skin motion (see
section 1.3.4). Nevertheless, this still represents an extremely useful and popular

parameter for quantifying spinal motion.
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Fig 3.5.2: gome variations in the selection of normal vector

locations and the resulting absolute angles vs time.
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b) Head versus thoracic (T6).
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3.5.4 Examples of Vector Rotations

To illustrate the vector rotations described in section 3.4, let us examine a few
examples. Recall that these rotations are meant to correct for errors in perspective, due
to the subject's position at any given time, when the projections of the normal vectors
are used to calculate the corresponding angular displacements.

The rotations are performed automatically | -ior to calculating these angles, and
the user may see them by using the 'Rotate Normal Vector' box in the menu. Note that
only the normal (ie. white vector) is rotated, since the others are not used directly in the
angle calculations).

Figure 3.5.4 shows the normal vector rotations in the Alpha plane, which
corresponds to forward bending (see section 3.2). The unrotated position [fig 3.5.4(a)]
is fine for determining the angular displacement alpha of the normal vector from the side
view. However, from the top the perspective is distorted and the angle theta may be
incorrect.

Hence, a counterclockwise rotation is performed [fig 3.5.4(b)] to insure that the
top view is indeed perpendicular to the longest dimension of the normal vector. Similarly,
a clockwise rotation is done to make sure that the back view is undistorted and epsilon
is calculated correctly.

In figure 3.5.5 we see how one of these rotations affects the perspective in the
Theta plane. At first the uncorrected vector points slightly to the right, indicating the
person or the IREDs were positioned crookedly [fig 3.5.5(a)]. Then the first rotation in
the alpha plane, described in figure 3.5.4(b), is performed.

We can see that this results in a more precise projection of the normal vector onto
the Theta plane, with constant magnitude for all frames [fig 3.5.5(b)]. Remember, we
are not concerned with the actual magnitudes of these projections, but rather with the
angles that these projections describe.

The second alpha rotation is not shown in the Theta plane, since it is used in the
calculation angle epsilon, rather than theta. The next rotation [fig 3.5.5(c)] is performed
in the Theta plane, and is also required to correct the perspective in the Epsilon plane (ie.

back view). This clockwise rotation in the Theta plane results in the projections onto the
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epsilon plane sticking backwards, rather than to one side or the other.

Figure 3.5.6 shows how the previous rotations affect the projection in the Epsilon
plane. This plane is most sensitive to uncorrected projections of the normal vector, as can
be seen from the first picture [fig 3.5.6(a)]. Note that here the subject is oriented to tiie
left, so the normal vector points to the right.

The clockwise rotation in the Theta plane, shown previously in figure 3.5.5 (¢),
results in a significant improvement in the back view [fig 3.5.6(b)]. Now the normal
vector is being viewed directly from the back, rather than from one side. Finally, the
(clockwise) second rotation in the Alpha plane, shown previously in figure 3.5.4 (c),

completes the correction.
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3.5.5 Applications of the New Disp'ays

In this chapter we have examined the implementation of an enhancement to the
Cerviscope which will permit the effective analysis of coupled niotion in the upper spine.
This added feature is expected to allow users to establish quantitative relationships
between simultaneous movements of the neck in various directions.

The coupled motion display for the Cerviscope appears to provide a new, non-
invasive, method for measuring relative motion in the cervical spine. By plotting the
direction angles for coupled versus principal motion, an intuitive representation of the
intervertebral mobility is obtained.

Once a daia base representing motion typical of normal subjects has been
accumulated, it will be used for comparison with the curves for new patients. Evaluation
of cervical lordosis, thoracic kyphosis, and inter-segmental mobiiity may be also made
from previously existing displays, which were described in chapter 2.

Thus the results from the coupled motion display will be used in conjunction with
these, or analogous updated versions. Future testing should include further inter and intra-
subjects validation of the information deduced from each display. This analysis of
mobility is expected to be valuable in differentiating between normal and pathological
movement in the cervical spine.

However, the algorithms and displays implemented for this enhancement are
equally applicable to other parts of the spine. Hence, coupled motion in the lower and
middle portions of the spine may eventually be characterized in an analogous manner.

For example, it -.ay be possible to similarly study the relationship between the
shoulders and the pelvis in human gait. Thus the role of the spine in locomotion may also

be verified using a modified form of this technique.




3.6 DISCUSSION

The complex nature of three dimensional coupled motion in the spine makes it
difficult to characterize objectively. Although the attributes of this motion remains subject
to discussion, it appears that there may be some diagnostic value in its analysis. In order
for this to occur, however, the results must allow for a consistent interpretation.

In this chapter we have considered how a set of enhanced displays were added to
the original Cerviscope, in order to quantify coupled motion. We first examined how the
new displays were conceived, as well as the analytical calculations involved.

Ther. we saw how design requirements favoured the development of a new s.t of
program modules instead of using available CAD packages. These modules had to
incorporate modern programming techniques and be consistent with other softwarc
developed by the manufacturer of the Cerviscope.

Some refinements were required to obtain consistent results with the new displays.
Digital filters were employed for curve smoothing and coordinate transformations were
performed to correct errors in perspective of the vectors being observed. Nevertheless,
a working product was obtained, with several pages of displays containing a variety of
rew information.

These pages were described, along with the user interface for accessing the new
displays. Examples were given of how information may be extracted for various levels
of the neck and for different portions of the movements being executed.

The coupled motion displays appear to provide an effective way to analyze
simultaneous motion in the principal orthogonal planes. They are thus expected to be

helpful in differentiating normal and pathological motion.



CHAPTER 4 - CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER WORK

4.1 GENERAL

It has been established that there is a need for objective, non-invasive instruments
for aiding in the diagnosis of non-acute cervical spine injuries. We saw how the
mechanics of biological tissue must be understood in order to develop this type of
equipment.

With some improvements, the Cerviscope was found to be effective in inferring
the motion of the cervical spine through the tracking of skin markers. Although some
limitations must be respected, such as the in-applicability of this device to neurological
injuries, it should be possible to integrate it into traditional clinical diagnoses.

Following a summary of the highlights of this investigation, some suggestions for
further study are given below. Correlation of skin markers with the underlying vertebrae
must be determined using radiographic studies. Establishment of normal and pathological
data bases will be undertaken through the collection of data from patients in some of the
various clinics which use the Cerviscope.

Refinements in the user interface, the addition of the enhancement to characterize
3D coupled motion, and the eventual implementation of an expert system are all expected
to improve the performance of this product. It is expected that the latter will help to
quantify this process, thereby rendering it as objective as possible.

In the conclusion, we will consider how the areas of biomechanics, software
development, and clinical diagnoses have been joined in this study. By relating the first
two areas, the engineer is able to develop precise tools which will help the physician to

increase the accuracy of the latter.




MAJOR HIGHLIGHTS OF THE INVESTIGATION

In this section we will briefly summarize the three major aspects of this study. In
chapter 1 we considered existing applicable diagnostic tools and the biomechanics of
cervical spine injuries. In chapter 2 we looked at a particular device designed for
analyzing motion in the neck. Finally, in chapter 3, we explored the development of some

new displays to improve the diagnostic capacity of this device.

4.2.1 Biomechanics

To properly assess the function of the cervical spine, objective diagnostic tools are
required. Following a review of existing instrumentation, the mechanisms of injury and
analytical models used to quantify these were examined.

The role of previous cervical range of motion investigations were considered next.
A comprehensive set of normal range of motion data was tabulated for use in the
identification of injuries through motion analysis.

Many devices for analyzing motion use cameras which track skin markers, in
order to deduce underlying movement. The correlation between skin markers on the neck
and the vertebrae underneath was thus investigated. It was determined that a linear
relationship may be established.

Coupled joint motion in the spine was also identified as an important indicator of
normal or pathological movement. Several techniques for quantifying such motion were
examined. It was found that currently existing techniques are not adequate for

characterizing the complex and unique coupled motion of the neck in a simple manner.

42.2 Evaluation of the Original Cerviscope
The performance of a new instrument for the diagnosis of neck injuries was
evaluated. This new opto-electronic device, known as the Cerviscope, was designed
specifically for the non-invasive assessment of soft tissue injuries in the cervical spine.
The instrument uses kinematic data from the motion of infrared light emitting

diodes affixed to the subjects’ skin. The instrument was described here in detail, with an
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emphasis on the analytical techniques employed and the presentation of the results to
users.

A preliminary analysis was undertaken using the Cerviscope. Following a
comparison of motion analysis in the upper and lower spine it was determined that this
instrument had the potential to be a useful diagnostic tool. However, some important
shortcomings were identified, such as the somewhat subjective interpretation of the
display screens.

Another problem was the inability to efficiently analyze simultaneous motion of
the cervical spine in different directions. The relevance of this subject was then examined.
As a result, an enhancement to the Cerviscope which would characterize coupled motion

was implemented.

4.2.3 Development of the Enhanced Displays

The development of this enhancement involved the use of both analytical methods
and contemporary programming techniques. Implementation of this new product occurred
in stages and involved several refinements.

Software modules were defined for specific tasks, including calculations, graphics,
the mouse interface, and data handling. Commercial CAD packages were considered
inappropriate for these programs, which had to be consistent with other software
developed by the manufacturer. The new displays were integrated with previously existing
programs, as well as other products being developed concurrently.

Corrections were made to resolve analytical errors in interpreting the kinematic
data. These included digital filtering and the rotation of vectors using three dimensional
coordinate transformations.

It appears that this enhancement to the Cerviscope may provide a unique ability
to objectively analyze coupled motion in the neck. The coupled motion analysis may be
modified for application to the study of the lower and middle portions of the spine as

well,
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4.3  FURTHER WORK: ESTABLISHING AND INTERPRETING THE DATABASE

In chapter 2 we saw that in evaluating the Cerviscope, the following simple
question must be answered: "Does the system satisfy its intended purpose ?". However,
since the users are mostly clinicians, they must be able to use and understand this
diagnostic tool. It can therefore also be asked whether the presentation of data from the
tool and its interpretation by the users correspond.

Indeed, it is conceivable that the tool may be more accurate than the user in
providing diagnoses. For example, expert clinical diagnoses may be provided together
with the subject data. It will be necessary to consider the reliability of these, regardless
of the credentials of their source.

An important consideration not addressed in the present study is that of intra-
subject consistency. In chapter 2 we considered the results for treatments of the data from
preliminary test subjects using the original Cerviscope software. In chapter 3 we looked
at the same data, as well as that for another set of subjects, using the new coupled motion
software. However, we did not re-test the same people to determine the variation in their
responses. Thus we examined inter-subject, but not intra-subject, variability.

Finally, there is the question of the degree of usefulness of this diagnostic tool.
This will only be determined after it has been on the market long enough to provide
extensive feedback from the field. We can, nevertheless, already provide suggestions for

improvements, as well as recommendations for further study.

4.3.1 Experimental Procedure for Data Acquisition

A protocol has been established for experimental studies in collaboration with
clinics already using the Spinoscope and Cerviscope. The purpose of these studies would
be to establish a data base for normal and nathological cases examined using the latter
instrument. This protocol is basically a synopsis of the procedures outlined in chapter 2,
and is presented in Appendix B. 88

The need for the normative database stems from the inapplicability of range of

motion information found in the literature. Because of its unique nature, the Cerviscope
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requires a devoted set of data (see section 1.3.3). In particular, the available data in the
literature is highly variable. It is thus not yet possible to establish a direct correspondence

with the readings obtained from the Cerviscope.

This research will serve the following purposes:

- correlation between radio-opaque skin markers and vertebral motion. This is the
first step in correlating traditional range of motion studies with Cerviscope data,

- establishing ranges of motion for cerviscope examinations of normal cases. This
will provide a basis for comparison with pathological subjects. It should then be

possible to clearly differentiate normal from pathological cases.

The data from the pathological cases may then be used for identification of
pathologies. Abnormality may be established by comparison with normal patterns. The
data base for previously identified pathologies will then provide the means for labelling
subsequent ones.

Two types of subjects will be examined using the Cerviscope. The first constitutes
a sample of people from the so-called normal population. These subjects will be chosen
for their conformity with accepted standards of non-pathological spines. Each normal
subject will undergo a series of standard cervical radiographs (as described in Appendix
A), followed by a Cerviscope examination. The latter involves antero-posterior flexion
and extension, lateral flexion, and rotation of the cervical spine.

Radio-opaque markers will be attached to the subject's skin in order to correlate
surface and vertebral motion. Small metallic chains will be hung from one corner of all
radiographs to ensure identification of the vertical direction.

The second group will include patients suffering from vaiious non-acute cervical
ailments, who will be referred by affiliated clinics for Cerviscope examinations. These
subjects will be divided into subgroups according to their symptoms. Thus it should be
possible to ascertain the effectiveness of the Cerviscope in detecting specific pathologies.
This will ostensibly be accomplished by comparison of pathological motion with the

established normal range of movement.
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Hence the results from normal subjects will be used to define non-pathological
range of motion. This will become the standard for comparison during subsequent
diagnosis of pathological cases. For purposes of the study, each of these should be
evaluated solely on the basis of the Cerviscope examination. Independent diagnoses will
then be performed by certified medical practitioners, using traditional methods and
instruments. These will be compared with those resulting from the Cerviscope data, in

order to determine whether the Cerviscope is a reliable diagnostic device.

4.3.2 Interpreting the Database

A consensus must be reached upon how the above data will be interpreted. It is
proposed that the methods based on the arguments of Bryant et al. (1989), Dvorak et al.
(1988), Gracovetsky et al. (1989), and Reich et al. (1986) be used as a f_g,uide.zg'(’o'7‘"75

Ideally, a common vector space should be obtained for all of the means used to
accumulate data. Using a transformation function it should be possible to map cach of
these to the common space. Only then are entirely objective conclusions possible. This
process is illustrated in figure 4.3.1.

Such a transformation is analogous to the transformation of measurements between
skin markers and the vertebrae by Gracovetsky et al. ( 1990).%° It may not always be
practical in a clinical setting, but it should be considered when establishing empirical
relationships.

In figure 4.3.2, a possible decision making process is illustrated for incorporating
the Cerviscope into the diagnostic process. From this figure it can be seen that both
transfer functions and relational transformations are involved. The former are provided
by the Cerviscope and other imaging systems used to aid the diagnosis.

The human examiner corresponds to the qualitative transformation of information
into a common space. However, a quantitative relational transformation between
Cerviscope readings and data from other means is not yet available. Currently, only
qualitative comparison between these databases is possible. A knowledge based expert
system is currently being developed for the Spinoscope and Cerviscope, which should

help in quantifying this analysis.
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44 CONCLUSIONS: CONSOLIDATING BIOMECHANICS, SOFTWARE
DEVELOPMENT, AND CLINICAL DIAGNOSES

The three following basic questions were addressed in this study:

- is there a need for a new tool to aid in the diagnosis of soft tissue injuries
to the cervical spine?

- if so, what are the requirements for this device, and does the prospective
instrument meet these requirements ?

- if not, then how may it be improved ?

The literature review presented in chapter 1 was meant to provide the background
needed for addressing the first two questions. Both the biomechanical and technical
perspectives were considered, since the clinician relies upon the engineer to relate the
two. Chapter 2 dealt with the latter part of the second question. As it turned out, the last
question was also pertinent and it was covered extensively in chapter 3.

As we saw earlier (section 1.3.2), the first step in analytical problem solving is
to determine what questions are to be answered. Having defined these in the chapter 1,
the next step was to determine whether the device under consideration is effective in
meeting them.

Following the literature review, the following steps were thus undertaken:

- preliminary experimental evaluation of the Cerviscope,

- evaluation of specific capabilities for motion analysis using the Cerviscope,

and comparison with its predecessor (the Spinoscope),

- development of an enhancement to characterize three dimensional coupled

motion in the cervical spine, and

- consideration of further avenues of investigation for verification of this

instrument.

Chapter 2 covered the description and evaluation of a specific diagnostic

instrument. The result of this evaluation was that the displays provided by the original
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device do not provide information precise enough to allow an accurate diagnosis.

In chapter 3 we therefore examined the development of an enhanced set of
displays designed specifically to characterize three dimensional coupled joint motion. As
it turned out, the precision and scope of these new displays surpassed expectations. They
are thus expected to form part of another, separate development package. The latter is
designed to entirely replace the existing displays for the line of diagnostic instruments
produced by this company.

Finally, in chapter 4 we considered how this product may eventually be integrated
into the clinical diagnostic process. This will involve the accumulation of a large data
base of normal and pathological cases. By combining this data with the information on
bimechanics described in chapter 1, engineers and clinicians may work together to
accurately identify injuries to the cervical spine.

We have seen that this investigation required a combination of biomechanics,
software engineering, and clinical diagnosis. The use of biomechanics allows the engineer
to quantify the mechanical behaviour of biological tissue. Sophisticated software
engineering techniques are then required to efficiently and accurately present the required
information to the users of a diagnostic device.

Ultimately the user (ie. clinician) will perform the diagnosis of injury and
prescribe treatment. However, the clinician sometimes has only a rudimentary
understanding of biomechanics and often none whatsoever of software development.
During product development it is thus incumbent upon the enginecr to understand how
the user may interpret the diagnostic displays.

In particular, the engineer must verify whether the information displayed
represents true motion and whether that motion may be linked to the underlying
biomechanics. Once the product is on the market this may be explained to the user
through a third party, such as a salesman or a specialist in user training.

After receiving training in the use of the instrument and acquiring some practice
the clinician can use the device to objectively evaluate a patient's condition. By
increasingly quantifying the diagnostic process, it should be possible to decrease the

incidence of improperly diagnosed injuries and the resulting discomfort to patients.
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A.1.1 Kinematics and General Mechanisms of Injury
The straightened cervical spine (ie. with mild forward flexion) can withstand the
highest axial loads of all positions studied (fig A.1.1). There appear to be three patterns
of response to impact:
- bending of the curved spine under axial load
- buckling of the straightened spine under axial load

- deflection of the spine out of the load path.

Following cadaver weight drop experiments, Alem et al. (1984) concluded that
force was a poor predictor of injury.® The impulse (ie. integral of force over time) was
found to be a more useful predictor.*® In whiplash injuries, Ommaya (1966) stressed the
importance of angular acceleration versus linear acceleration.>%%%

The spinal column may be compared to a stack of 24 building blocks with an 8
pound bowling ball on top. When landing head first from a fall, the cervical spine at C1-
C2 and C5-C6 appears to be at greatest risk. If a person lands feet first the head may
continue its motion, resulting in hyperflexion or hyperextension injuries (fig A.1.2).

When the head impacts a windshield or other body, the momentum of the thorax
continues. Its energy must be absorbed eventually, usually by bending or crushing of the
cervical spine. Injury to the victim's head or face can indicate that this has occurred.

In lateral impact the anteriorly located center of gravity of the head results in
rotation toward the impact point (fig A.1.3). The resultant position of the spine is a
combination of rotation and flexion. If disruption of the ligaments then occurs this may

result in compromise of the cervical canal and thus spinal cord injury (fig. A.1.4).%6

A.1.2 Definition of Whiplash

The ambiguous term 'whiplash' was introduced by Crowe in 1928.22 1t refers to
a sudden backward snapping of the head and neck followed by forward recoil.2* A more
precise description might be cervical sprain due to hyperextension, resulting from sudden
deceleration.?! Although often associate with automobile accidents, similar trauma may

result from falling, diving, a blow to the head, convulsions, or contact sports.24
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Bogduk (1986) pointed out that whiplash is frequently associated with
Iitigation.23 Hence there is always the suspicion that complaints are exaggerated, Victims
have been neglected, mistreated, and accused of deception, while malingerers were
unjustly rewarded. This situation has resulted in confusion regarding the relevant

mechanisms, symptoms, and diagnoses for whiplash injuries.

A.1.3 Mechanism of Injury in Rear End Collisions

The most common cause of whiplash injuries is rear end collisions. Low velocities
under 15 km/hr are often involved. Adults of all ages and both sexes are affected, but car
seat backs are believed to protect the heads of small children.%®

Previously it was believed that upon impact the head was suddenly jerked
backward.2* The current view is that movement of the body, rather than the head, causes
injury. This results in compression-avulsion rather than flexion-extension injuries.?!

Computer models indicate a brief flexion immediately following impact.?>%! Then
the shoulders move forward and pull the neck from under the head, imparting a backward
and upward rotation to it. The head eventually begins to accelerate and is catapulted into
flexion ( see also Appendix A.2 ).23

In flexion the movement is limited by the chin hitting the chest. Similarly, in
lateral bending, the ear hits the shoulder. Hence, physiological limits are not exceeded.
However, in extension there is no such natural block. When the occiput reaches the back
of the neck, normal limits have already been exceeded.?223

Seatbeits are thought to place a person in an erect position and thus minimize
damage.?! The three-point system standard on modern cars is considered almost as
effective as the five or six-point systems employed in race cars.5®

Prior to the imroduction of head rests, it was thought that these would decrease
the number and severity of whiplash injuries.24 However, the head also rises above the
horizontal plane 1n an arc, due to torque.21 The vertical component of this force pushes
the victim upwards. The head may thus fall back over the top of the head rest. High
speed impact may also break the back of the seat. Ironically, the occupant is thus less

likely to sustain neck injury (fig A.1.5).22
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According to Liu (1981), air bags protect the chest and head but dangerously

increase the load on the neck by prolonging the impact.53 During this additional time the

head may undergo repeated hyperflexion and hyperextension while the chest is held in
place.

Caillet (1981) explained that as joints exceed their physiological limits,

periarticular damage of subluxation results,?!

This involves incomplete [uxation
accompanying sprain, whereby tendons, ligaments and articular capsules are
overstretched. An acute stretch reflex of the neck flexors occurs.

Normal contraction is accompanied by relaxation of the antagonist muscles. Hence
there is no stretch reflex in the contracting muscles. However, an abrupt stretch retlex
may result in muscle fibril injury. Initially this involves intrafusal fibers, but extrafusal
fibers may also be damaged if the force is severe.

The extent of damage depends on the force of impact, the exact position of the
head, and awareness of impending injury. This is because muscle contraction minimizes
the pendular action of the head on the neck.

However, the physiologically permitted range of extension is much less when the
neck is rotated. In cadavers, rupture of the anterior longitudinal ligament is much more

readily produced when the head is rotated prior to extension (fig A.1.6).

A.1.4 Diagnosis of Hyperextension and Hyperflexion Injuries

Many cervical injuries may be overlooked for prolonged periods if the dynamics
are not understood. The examiner must mentally reconstruct the accident. This leads to
the determination of what parts of the body were traumatized to cause the injury.66

Hence, the first stage in examination is a careful case history.22 The prognosis
may be adversely affected by such factors as preexisting degenerative spondylosis and
osteoporosis.> >0

The spine may be perceived to behave like the frame of an automobile in a
collision. This can lead to muscle, ligament or tendon rupture, without fracture. 56
Conventional plain radiographs may not reveal abnormalities shown by specialized

techniques.?®> Radiographs will usually show only loss of lordosis. Later X-rays may
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3

reveal degene:ative changes.2 Thus some investigators consider conventional

radiographs inadequate in assessing conditions such as soft tissue hypertrophy,
superimposed upon bony changes.%’97

Straightening of the cervical lordosis is thought by some to relieve pain (anatalgic
position).21 However, some cases of reversal of physiological lordosis have been reported
in apparently normal individuals.3! This effect may also simply be due to the pu.tient's
position during ﬁlming.ZI'22

A reversed segmental curve in the neck is perhaps more significant. This may
indicate subluxation, ligament tear or disc herniation, 2! Physical examination may
indicate only guarded motion of the head and neck.* The range of neck motion must be
evaluated by comparison with what is no. ~al.2! Nevert s, changes in patterns of
movement may reflect pain rather than specific tissue damage.22

Abnormal radiographs may be unrelated to symptoms, while injury may exist even
with 'negative' X-rays.”! For example, in experiments with primates, MacNab (1964)
found that disc injuries were often undetected on radiographs.98

Like Ommaya (1966), he discovered that some animals became stunned or dazed,
as if they had suffered concussions. Cerebral spinal fluid changes were also
noted.>>-23:36:99 gimilar experiments by Liu et al. (1984) showed a connection between
symptoms of neck injury and electro-encephalographic (EEG) disturbances in the
brain,? 78

Yet, severe neurological deficit may occur with minimal change in vertebral
alignment. A possible cause is transient insufficiency of the vertebral artery. When cord
damage results in hemorrhage, symptoms may progress cephalad or caudad and death
may result.?!

Hemorrhagic damage expands radially with time, ultimately disrupting axonal
tracts and permanently altering function. However, the mechanism of functional damage
to central nervous tissue is not yet entirely understood.>®

According to Bogduk (1986), the most likely soft tissue lesions in the literature
were found to be:

- strain of anterior longitudinal ligament, disc herniation,
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vertebral end-plate avulsion,
- strain or rupture of sternocleidomastoid and longus
colli muscles, and

- zygapophyseal joint fractures or capsular damage (fig A. 1.7).23

He added that diagnoses in clinical literature are infrequently correlated to specific
structural pathology. For example, cervical zygapophyseal joints are liable to whiplash
injury but are rarely considered.

MacNab (1982) stated that significant soft tissue damage may result from

. . . . . o)
acceleration extension injuries. 22

He noted that lateral hyperflexion does not usually
result in injury. Hence it is questionable why anterioposterior injuries would be singled
out for neurotic origins. Indeed, it appears possible that physicians may actually
contribute to litigation neurosis by improper treatment. 22+°%

Injection of fluid under pressure into posterior neck muscles produces pain
radiating to the head, shoulders, and arms. Hence the development of edema in soft tissue
may explain headaches associated with whiplash. Such pain can not be used to localize
lesions. Persisting suboccipital pain may be referred from dair.aged cervical ligaments,
rather than being local to the C1-C2 region.22'24

The most confusing symptoms in whiplash injuries may be attributable to the
sympathetic nervous system. These are most frequently aural (tinnitus, postural dizziness)
or ocular (blurred vision, pain behind eyeballs). Most sympathetic symptoms are
subjective. There may also may be symptoms of cerebral concussion with momentary loss
of consciousness.?!?2

The lower cervical nerve roots supplying the arm are easily identifiable clinically.
Yet the nerves originating from the cervical plexus may also be damaged and overlooked.
If major nerves are not initially involved, there may be no immediate abnormal sensation
or paresis. Referred pain and confusing symptoms attributable to the sympathetic nervous
system complicate matters further,20-21
Thus Bogduk (1986) concluded that in case of doubt all possible lesions should be

considered.?? To paraphrase him:
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"Patients should be accorded the dignity of organic diagnosis, rather than being
dispatched to psychiatrists out of hand. Such consistent symptoms would seem to have at
least some organic basis.

Yet, the medical literature fluctuates between complete denial and absolute
acceptance of whiplash injury. The mere persistence of symptoms indicates a consistency
in their cause. Hence, it appears that undiagnosed organic lesions must be considered at

”

least as likely as psychological factors.

A.1.5 Spinal Cord Impingement

The size of the spinal canal in relationship to the cord has been considered
carefully in recent years. It is an important factor in determining whether an injury will
result in damage to the spinal cord.*?

The significance of intrusions into the canal is assessed relative to their size.””
In normal cervical rotation, the spinal canal at the atlanto-axial joint is narrowed by about
one third.*! Mimura et al. (1989) suggested that osteophytes may develop where
rotational miotion bears flexion-extension loads.? This is consistent with Alker's (1988)
description of bone spur formation.>®

Patients with small canals will have less space available for the spinal cord. Hence
an injury or osteophyte is more apt to result in neurological damage (fig A.1.8). This
knowledge is useful in counselling patients regarding return to activities with a high risk
of cervical injury.*2->°

Dvorak et al. (1989) used MRI to evaluate the neurologic deficit in relation to the
width of the spinal canal and diameter of the cord.!” Patients were positioned with their
necks in the neutral position, followed by maximal extension and flexion. They all
suffered from cervical rheumatoid arthritis.

The spinal canal diameter was found to decrease significantly in the flexed
position. ! According to Bohlman and Emery (1988), this may occur with hyperextension

1'% The majority of Dvorak's patients with spinal cord diameters less than 6mm

as wel
in flexion exhibited myelopathy.

Values below this were thus considered pathologic, as shown in figure A.1.9.
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Compression was due to a combination of atlanto-axio subluxation and inflammation of
the tissue behind the odontoid process. 17

Penning and Wilmink (1987) used CT scans in similar experiments.’ They found
that symptoms of spondylitic myelopathy appear after the spinal cord has been reduced
in size by 30%. According to Alker (1988), the low limit for normal function in the
lower cervical spine is 12mm.>° Jofe et al.(1983) considered the upper limit of relative
horizontal displacement to be 3.5mm.%’

Dvorak et al (1989) recommended that in pathologic cases anterior decompression
should be performed. !” This is in agreement with Panjabi and White (1988).'® According
to them, posterior decompression will not decrease anterior pressure on the cord.
Doppman (1975) pointed out that the common factor with anterior and posterior
compression is flattening of the spinal cord.!%43

Panjabi and White (1988) found that anterior impingement does not significantly
affect the posterior wall of the dura. !¢ The resulting forces on the spinal cord are shown
in figure A.1.10. These loads were offered as explanation for the predominance of
posterior spinal cord dysfunction in cervical spondylitic myelopathy.

Breig (1960) showed that changes in the length of the spinal canal do not normally
produce significant stresses in the spinal cord. 100 According to him, the cord effectively
folds and unfolds like an accordion. In pathological situations, however, abnormal stresses
and strains in the spinal cord may lead to myelopathy. 16

Breig (1978) listed four critical actions: external unilateral thrust, internal
multilateral thrust, pinching or clamping, and concentration of tension around an
intramedullary fissure,44.101

Bohiman and Emery (1988) attributed stress related myelopathy to ischemia of the
anterior two thirds of the spinal cord, including most of the grey matter. ! They
suggested that direct spinal cord compression results in interruption of the sulcal and
terminal vessels of the anterior vertebral artery. In canine experiments, Hukuda and
Wilson (1972) found the effects of vascular insufficiency and compression on the cord to
be additive.!%102

Thus an understanding of how the spinal cord reacts to stress requires analysis of
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its blood supply. Within the rurd the radicular branches of the pia mater consist of a
peripheral and a central portion. The former supplies the superficial structures and the
white matter.

The central area, grey matter and innermost aspects of the white matter are
vascularized by the central system. The condition of the vessels will influence their
tolerance to stress. For example, an arteriosclerotic vessel may rupture following only

rxinima. compression.44

A.1.6 Evoked Potentials

The evoked potential across a given set of nerves measures the degree of electrical
activity present. This constitutes a sensitive and easily disturbed indicator of spinal cord
injury. They are most useful for intraoperative monitoring of sensory function.
Improvement of spinal cord function due to surgical intervention can be demonstrated this

way. However, they are not commonly used for clinical evaluation of spinal cord
injury.4“'46""7
Ducker et al. (1978) examined evoked potentials in dogs using the weight drop
technique.94 They found that spinal cord blood flow was not uniform for intermediate
grades of injury. This supported findings by Kobrine et al. (1978) indicating that ischemia
may only be partially responsible for spinal cord trauma.”>

Singer et al. (1970) linked loss of evoked potentials with the onset of spinal cord
hemorrhage and edema.”® This etiology is relevant to the consequences of cervical soft

tissue injury.
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Fig A.1.5 (a): Resultant forces

Fig A.1.4: Position of the cervical on the driver

spine in lateral from the
hyperflexion. Adapted steering wheel
from Mcswaine Jr. and seat.
(1989).66

Fig A.1.5 (c): Resultant force
oxccuring when
back of seat
breaks.

Fig A.1.5 (b): Resuitant force on
passenger from a
lap belt

Fig A.1.5 : Forces on driver and passenger resulting from rear-end
collision (see above and top right). Adapted from MacNab

(1982). 22
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Comparison of
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al. (1984). 42

Comparison of the spinal cord diameter in the
neutral and flexed positions showing the pathologic
limit of 6 mm. Adapted from Dvorak et al. (1989). 17
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A.2 APPLICABLE ANALYTICAL MODELS

A.2.1 The Role of Analytical Medels in Studying the Spine

The bulk of what is known regarding the mechanics of the spine pertains to the
lower back region. Comprehensive data on biomechanical properties of individual spinal
components have been gathered, mostly irom cadaver measurements.

The basic mechanical unit of the spinal column is the "motion segment”. This
includes any two adjacent vertebrae as well as the disk and ligamentous tissue joining
them. The mechanical properties of motion segments vary significantly from segment to
segment.

Schultz (1987) provided a comprehensive review of current low back models. 63
Let us carefully examine Schultz's findings. According to him, mathematical models for
the lumbar/thoracic region fall into three categories:

i) rigid body models,
1) lumped parameter deformable element models, and
iiiy  distributed parameter deformable element models, often using finite element

methods.

He pointed out that rigid body analyses are usually indeterminate. In dynamic
problems the number of unknowns exceeds the number of equations. In static problems
it is the equations of equilibrium which are exceeded.

Assumptions are used to render the problems determinate in order to obtain
internal force estimates. He noted that this concept works in mechanically simple
situations, but that complex situations require more sophisticated schemes.

The objective function is the quantity to be optimized in such models. Schultz
found that a scheme which works well in a wide range of situations is to minimize
approximately the largest muscle contraction intensity needed to perform a task.

The internal loads imposed on the spine are determined more by the moments of
external forces about the spine than by the forces themselves. Measurements of intradiskal

pressures and myoelectric activities determine internal forces directly. These techniques
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are used to validate the various spinal load calculation models. According to Schultz,
dynamic considerations are considered important only when a motion involves significant
linear or angular accelerations.

Deformable element models are required for predictions of what deformations
occur in response to loads. Models of this kind have been used to study the progression
of idiopathic scoliosis and injuries that result from accidents. Each mobile vertebra is
idealized as a rigid body.

If there are N bodies so modeled, 6N degrees of freedom result in a set of 6N
simultaneous equations. The internal forces in every deformable segment can be computed
by solving the equations. Data on the cross sectional areas of (he muscles in different
regions of the trunk is used to determine the generated forces.

Schultz noted that finite element methcds have been used to analyze several
components of the trunk. Structural analysis is combined with experimental measurements
in order to explain motion segment displacements and rotations. These are then related
to parameters such as disk bulge, intradiskal pressure, and stresses in the annulus fibrosis
or vertebral body.65

However, models describing the upper portion of the spine are far less numerous
than those for the lower back. They usually represent the head, neck and upper torso as
a deformable collection of rigid bodies. Foi =xample, Merrill (1981) developed a three
dimensional model for impact loading that involves ten lumped parameter masses, from
the head to T2, connected by springs.61

The sagittal plane model developed by Helleur et al. (1984, 1985) describes the
neck's response for both static loading and high acceleration. 1.2 Applications such as the
design of ejection seats have become increasingly dependant on such models.

Analytical modelling enhances the fundamental understanding of spinal
biomechanics. The development of information for strength, stiffness, and dynamic
characteristics must be undertaken in parallel with this.>"? Increased communication
among researchers from varied disciplines will accelerate progress in understanding of
cervical spine injuries. However, quantitative descriptions of vertebral loads and

displacements are required to investigate them.*8
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A.2.2 Experimental Methods

During extreme compression the entire cervical spine may bend or buckle in a
manner inconsistent with normal physiologic motion. Edwards (1988) defined buckling
as displacement from initial curvature, rather than the usual buckling of a column.*® The
initial position of head, neck and thorax are crucial in determining the response to a load
combination (see Appendix A.1.1).

Alem et al. (1984) performed cadaver weight drop and pendulum impact studies.”’
These experiments showed that buckling occurred with axial loading when the neck was
in natural sitting or standing positions. No buckling occurred when the spine was aligned
along the line of action of the impact force.*3

The severity of injury depends on external loading and the initial position.
Experimental data suggests that patterns of injury are best described by considering three
cervical regions: CO-C2, C2-CS, and CS5-T1. The craniocervical junction is the most
frequent site of fatal injuries. The most common mechanism of injury among survivors
is compression-flexion at C5 or C6, with and without rotation, *8:49

In laboratory experiments, the investigator is provided with immediate knowledge
of the magnitude of the mechanical impact. By inference, he or she can predict the extent
of neurological damage. A voltage waveform represents the desired characteristics of the
impact. The negative feedback signal from the controller represents the actual impact.®®

The gelatinous contents of the intervertebral disk nuclei exhibit hydrostatic
behaviour. Disk pressure measurements have been used extensively to estimate
compressive loads on the spine.65 Electromyographic (EMG) measurements are also used
to quantify cervical muscular responses. Suggested placement for the EMG electrodes is
shown in figure A.2.1.

However, large discrepancies exist in the experimental mechanical properties of

connective tissues. Differences in experimental techniques between studies may account
for this. !

A.2.3 Selected Cervical Muscle and Ligament Models

We will consider here four comprehensive models for cervical motion. Each
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combines theory and data from several related previous studies. The intent here is to
illustrate some methods used in analytical modelling, rather than to evaluate or compare
any of these.

We begin by examining a two dimensional lumped parameter analytical model
presented by Raynor and Goldsmith (1979).3 This involved 10 lumped masses: the
head(1), vertebral bodies C1-T1(2-9), and T2 combined with rigid torso(10), as shown
in figure A.2.2, Merrill et al (1984) extended this model to three dimensions.>+¢1

Deng and Goldsmith (1987) modified Merrill's model slightly in developing a
physical and analytical model pair to predict motion for any initial conditions.!* The
numerical model was found to compare favourably with human motion test results.

The position and orientation of the skull and vertebrae were originally digitized
from textbook radiographs. Due to lack of data on individual cervical joints, their
stiffness was assumed proportional 10 cross-sectional area.

In Merrill's model, seven pairs of muscles were represented by non-linear springs
connecting two points. Deng and Goldsmith used a 'three point piecewise' representation
to account for muscles passing around bones and other tissue.

They also included more muscle elements in their model, resulting in more
realistic force magnitudes and directions. The spring constants were obtained from
cadaver test results, also leading to more realistic mathematical modelling.

Six simulation runs were designed for comparison with the physical model and
human subjects. Runs 1 and 2 corresponded to the tests by Ewing and Thomas (1972) on
the response to impact acceleration, using veianteers.!%% Runs 3 to 5 correspond to tests
on the physical model for impact in frontal, rear and side directions. Run 6 was used to
simulate impact to the head with initial velocity in the anterior direction.

In flexion whiplash there was little rebound of the volunteer's head. The analytical
model indicated a return to the neutral position after 300ms. This discrepancy was
attributed to voluntary muscle contraction by the volunteer.

For lateral whiplash the human subject rebound was faster than in flexion

whiplash. This was associated with the smaller number of muscles controlling lateral

motion and to the shorter sled acceleration time (fig A.2.3).
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The physical model was found to have excessive flexibility. Two parameters were

incorporated in the numerical model as multipliers for joint stiffness and muscle spring
constants. Reducing these to 1/5 of their original values resulted in responses matching
the physical model.

A possible explanation for the excessive flexibility is that the muscles were
essentially massless and did not have in vivo dimensions. For the extension whiplash case
it was found that the T1/T2 joint had much greater deformation than other joints due to
low stiffness (fig A.2.4). Comparisons between the numerical and physical models were
consistent. Hence improved muscle modelling for the latter in the future is expected to
give better results.>

The Williarr s and Beiytschko (1983) model was meant to mimic the stretch reflex
response with no consideration of contractions following the initial response.®? The
muscle elements in the Deng and Goldsmith model considered contraction effects by
incorporating a magnification factor in the passive stress-strain relationship.(’2

Hosey and Liu (1982) optimized the mass distribution with respect to known
experimental masses, making theirs an "anthropo-dynamic" model.'® Simulations with
head impacts showed that if skull fracture did not occur then most of the load was
transferred to the cervical spine. Liu (1981) also stated that so called 'stress wave'
propagation effects are not relevant. 15

Helleur et ai. (1985) attempted to determine the muscle firing combination which
would balance the applied load while minimizing the stress distribution among supporting
structures. Shear, compression and ligament moments at each joint were to be minimized
while imposing the quality constraints required to match the load.

Their model incorporated principles developed by Gracovetsky and Farfan (1986)
in their study of the lumbar spine.®! The muscles were considered to be a collection of
two ended strands renresented by vectors. The cross-sectional area of each strand was
multiplied by the corresponding stress to determine shear, compression and moments at
each joint.

The static forces acting on the cervical joint were divided into the following four

groups (fig A.2.5):



1. The weight of the head and neck, together with external loads.

2. The reaction forces of the joint.
3. The resulting muscle tensions.

4. The ligament tensions.

In order to make the equilibrium equations determinate, additional constraints were
imposed. Determining the minimum number of independent muscle groups resulted in a
reduction in the computational burden. The model was used to simulate five tasks which
volunteers performed in experiments.

These tasks involved pushing and pulling of the head in various positions against
a harness connected to a force trarisducer. Muscle responses were monitored using EMG
probes applied to the volunteer's necks. Following tuning of the model response using
weighting coefficients, the degree of correlation to experimental results was considered
to be good.2

The dynamic model assumed that the nervous system will not allow the stress in
any component of the cervical spine to exceed two thirds of its ultimate limit. It was
found that a high acceleration load can be supported if the resulting moments are small.

A neutral neck posture, along with combined action by the muscles and ligaments,
resulted in supportable accelerations up to 50 g. However, deviation from the optimum
orientation led to lower supportable accelerations. This is consistent with the mechanisms
of injury for the cervical spine presented in Appendix A.3.1. Stress equalization and

minimization were used by Helleur et al. (1984) to explain this result.!

A.2.4 Modcls of the Spinal Cord
Animal experiments are required to measure the magnitude of cord compression
versus quantitative functional output. Such data may be used, in conjunction with a model
correlating bony pathology to cord stresses, to predict neurological dysfunction. 16
Engineering theory predicts that a well defined stress pattern results from a shear
tforce applied to a long structure with elliptical cross-section. Raynor and Koplik (1985)

showed that such stresses adequately explain neurological dysfunction due to preferential
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central spinal cord damage (fig A.2.6).55

When producing spinal cord lesions in experimental animals, predictability is an
important requirement. Researchers at Ohio State University have developed an
electromechanical impactor with this idea in mind. It incorporates two levels of feedback
control to allow reproducible results. This work is similar in principal to vertical impact
experiments performed by Yoganandan et al (1986).195 The latter dropped cadavers
vertically, head down, and studied the resulting cervical injuries.

According to Panjabi and White (1988), however, there are currently no
mathematical models that relate external loads to the internal stresses within the spinal
cord.1® Thisis apparently an area that will require considerable investigation before it can

be incorporated into existing cervical spine models.



142

Splenius capitis

Sternocleidomastoid .
Leviator scapulae

Cervical erector spinae )
and trapezius Trapezius par descendens
Trapezius par
transversa

and supraspinatus

Thoracic erector
spinae and
rhomboidus

Scapula

Fig A.2.1: Suggested locations of EMG electrodes for measuring cervical
muscle activity. Adapted from Schuldt and Harms-Ringdahl
(1988a). 12

1 Sternocleidomastoid
2 Longus capitis

3 Longus colli

4 Scalenius anterior

5 Scalenus medius

6 Scalenus posterior

7 Trapezius

8 Splenius capitis

9 Splenius cervicis

10 Spinalis capitis

11 Spinalis cervicis

12 Semispinalis capitis
13 Semispanalis cervicis
14 Longissimus capitis
15 Longissimus cervicis

Fig A.2.2: Three point muscle insertions for the head/neck model of
Merrill, Deng, and Goldsmith. Adapted from Deng and
Goldsmith (1987). 3
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Fig A.2.3: Lateral whiplash simulation for Merrill's analytical model.
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Fig A.2.4: Hyperextension simulation for Merrill's analytical model.
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144

Weight of
the head Free body
boundary
Free body ... o
boundar
vE, oundary v
reaction
Fig A.2.5(a): Moment calculations for Load Muscle Ligament

the cervical spine.

F.s = resistance force
Fgo = gravitational force
dy, &, = moment arms
M, = muscle moment

My, = d/F +d,F

Adapted from Schuldt
and Harms-Ringdahl|
(1988a). 12

Fig A.2.5:

Examples of muscle
moment calculations
and determination of
load distributions
for the cervical
spine.
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Fig A.2.5(b):

Free body analysis of an
intervertebral joint in
the lower cervical spine,
showing load distribution.
Adapted from Helleur et
al. (1985). 2
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Fig A.2.6: Stress patterns for the spinal cord under various loading
conditions. Adapted from Panjabi and White (1988). 16

Compressive stress Shear stress

NS =

Fig A.2.6(a): Compressive stress decreases away from the contact
point. Shear stress increases toward the center.

Tension load Bending load

Fig A.2.6(b): Uniform stress from tensile load and tension/compression
stresses from bending load.

Normal stress Shear stress

Fig A.2.6(c): Normal stress (perpendicular to the structure) and shear
stress patterns for combined loads.
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A.3 CERVICAL RANGE OF MOTION

A3l More on How the Cervical Spine Moves

Fielding (1974) suggested that selective motion can occur at C0-C1 and C1-C2,
but that movements of the lower segments are linked together.31 However, Goel et al.
(1988) found that axial rotation across C2-C3 occurred concurrently with the C0O-C1 and
C2-C3 joints.72 The C0-C2 complex allows extensive motion, yet its vertebrae are
interlocked to form a stable 3D structure. The complexity of this construct has led some
investigators to suggest that it be tested as one unit.’?

Contrary to early theories, Werne (1957) showed that flexion-extension occurs at
CO-C1 as well as C1-C2.1% Similarly, Jirout (1974) and Moroney et al. (1988) showed
that rotation at C1-C2 accompanies lateral flexion. 19711 Hence, lateral bending and axial
rotation are coupled (fig A.3.1).%7 Each main translational motion is associated with five
coupled motions.'% 1172 we will consider coupled motion more carefully in chapter 3.

Axial translation of more than 1mm at C0-C! is considered by some to be
pathological. Surprisingly, instantaneous axis of rotation (IAR) calculations are still made
on the basis of measurements made by Henke (1863).'!! Included among suggested IAR
locations are the center of the vertebral body and the nucleus pulposa.67 Rotation and
translation in the cervical spine is illustrated in figure A.3.2.

Selecki (1969) found that after 30° of rotation there is kinking of the contralateral
vertebral artery.lO8 At 45° the ipsilateral artery also begins to kink. Indeed, some cases
of stroke have even been reported following cervical manipulation. Hence, manipulation
is contraindicated for patients with cervical spondylosis or vascular disease.®’

Lysell (1969) observed that coupling of axial rotation and lateral flexion (ie.
bending to the side) is stricter at C2-C3 than at C6-C7.%* Penning (1988) related this to
the guiding effect of the unciform processes, which are larger in the upper cervical
area.?

According to Hall (1965), these are absent in quadrupeds and present only in
bipeds. 105.109 e suggested that the former need lateral flexior in their necks for looking

around and backwards. Bipeds, conversely, use rotation for the same purpose. Lysell also
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reported no correlation between disc degeneration and loss of mobility. However, other

investigators have disagreed with this finding.>+®7

A.3.2 Comparison of Cervical and Lumbar Motion

The cervical aiticulations may be described as biconvex, or saddle joints.>>+¢7 This
allows coupled rotation and lateral flexion, as well as flexion-extension (fig A.3.7). In
contrast, rotation in the lumbar spine is almost entirely prevented by the crosswise
arrangement of the annular fibers, as well as the orientation of the facets. ™V

Myklebust et al (1988) performed in-vitro experiments on the ligaments of the
entire spine.5 The ligaments showed greatest absolute distensibility in the cervical and
lumbar regions. The anterior longitudinal ligament showed increasing values of failure
deformation from the cervical to lumbar region.

The ligamentum flavum had the least variation. The supraspinal ligament had the
largest deflection at failure. The ligaments on the convex side of the spinal curves were
generally stronger. Increases in strength were also noted at the thoraco-lumbar and the
cervico-thoracic junctions. Yoganandan et al. (1990) found similar results for the
vertebral bodies at the latter junction.6

Much smaller loads appear to be required to produce similar principal motions in
the cervical than in the lumbar area. This may be attributed to a difference in the size of
motion segments and in the geometry of facets. Lateral translations coupled to lateral
bending seem to be smaller for the cervical spine. However, accompanying axial rotations
appear larger than, and in the opposite sense to, those in the lumbar region.“ We will

consider this topic further in chapter 2 (see section 2.3.4).

A.3.3 Radiographic Range of Motion Data

Mimura et al (1989) used bi-planar radiographs to determine in-vivo (ie. in living
subjects) ranges of cervical rotational motion.® Average axial rotation between the occiput
and C2 was found to be 75°. This was est'mated to be 75% of total cervical rotation.
Between C2 and C7 rotation averaged 4° to 8°.

Flexion occurred in association with rotation in the segments below C5-C6.
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Conversely, extension occurred above C4-CS. According to Penning (1978), thongh,
precise measurements in the plane of rotation from radiographs are very difficult.”?

Patients participating in the passive measurements of Dvorak et al. (1988) received
an analgesic prior to being examined. 50 Fixing bars were used to prevent motion of the
thoracic spine (fig A.3.4). Only flexion-extension was considered.

Passive motion was assisted by an examiner clad in full gear to protect against
radiation. Active motion was unassisted. The mean passive ranges of motion were 2° to
3° greater then the active at all levels of the cervical spine (see results in Appendix

A.3.6).

A.3.4 Computer Tomography Range of Motion data

CT range of motion studies on normal patients were performed by Penning and
Wilmink (1987) as well as Dvorak et al. (1987).7'8 In the former, the role of the
unciform processes in rotation was emphasized. Conversely, the latter was more
concerned with the alar ligaments,

Penning and Wilmink (1987) found mean axial rotation to be 72.2°, with about
55% of this occurring at the C1-C2 level.” Rotation between the atlas and occiput was
1°. The range for atlanto-axial rotation was 29° to 46°. Such a large individual variation
was consistent with Lysell's (1969) cadaver results.3* However, he measured rotations
only 75% as large as Penning and Wilmink.”

Conversely, Dvorak et al. (1987) found a mean rotation between the occiput and
atlas of 4.5° on cadavers.® This increased to 9.5° after rupture of the alar ligament. This
led them to suggest that this injury may occur upon rotation and flexion due to trauma,
such as in rear end collisions. It should thus be detectable clinically by an increase in
observed rotation.

Dvorak (1988) compared the data from the study by Dvorak et al. (1987) to that
of Penning and Wilmink (1987).78:33 He found that their results agreed, except at the
atlanto-occipital joint. There Penning measured rotation of 1° and Dvorak 4°, This was
attributed to the latter applying maximum force to assist in rotation. The combined results

tfor the two studies are shown in section A.3.6.
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A.3.5 In-Vitro Experimental Data

Few studies have reported the effects of rate of loading on the biomechanics of
ligaments. According to Yoganandan et al. (1989), at that time no data was available to
describe the dynamic properties of cervical ligaments.*

Hence, they evaluated the effects of rate of loading on the response of cervical
spine ligaments. Failure was defined as the point on the tensile force-distraction curve
where an increase in distraction resulted in a decrease in force (fig A.3.5).

In this study, midsubstance tears of the ligament structures were routinely
observed at all rates of loading. An analogous load-deflection curve for a cervical
vertebral body is shown in figure A.3.6.5 Panjabi et al. (1986) found no significant
variation in load deflection curves with vertebral level.'?

In similar experiments Panjabi et al. (1988) found average axial rotation at CO-Cl
of 7.2°.7! This is much larger than the in-vivo values stated earlier (see section A.3.2).
They ei..phasized that the special design of the articulations and ligaments together
provide the specific movements of this region. See section A.3.6 for complete CO-C1 and
C1-C2 motion data.

Motion of the markers attached to bones was recorded by two 35mm cameras.
Digitization of the stereophotographs resulted in noncontacting (ie. natural) 3D motion
measurement. The occiput and C1 were provided with special markers containing
numerous steel balls distributed such that at least three were visible at any time by both
cameras.

An analogous system using light emitting diodes (LEDs) was used by Goel et al.
(1988) to track vertebral motion in the CO-C2 complex.’? They found that a small load
results in large motions across the CO-C2 complex. This supports the notion that the
ligaments in this area are lax and that the head is therefore held firm primarily by muscle

action.

A.3.6 Combined Cervical Range of Motion Results
The combined results for the range of motion studies discussed above are shown

in tables A.3.1 to A.3.4 on the following pages.
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Left rotation Neutral Right rotation

Lowest position Highest position Lowest position

Fig A.3.1: Coupling of lateral bending and axial rotation, resulting in
vertebral approximation. Adapted from Jofe et al. (1983). %7

Fig A.3.2: Rotation and translaticn in the sagittal plane, depicting
patterns of motion for C1, C4, and C7. The diagrams show the
movement between full flexion and full extension. Adapted

from Jofe et al. (1983).87

= TS

= neutral position
A' and A" = positions of rotation

A = neutral position
A" = flexion position

Fig A.3.3: Atlanto-axial rocking and gliding motion. Adapted from
Fielding (1974). 31



Fig A.3.4: Passive vs active flexion and extension for functional
radiographic diagnosis. Adapted from Dvorak et al.
(1988). &0

Extension Neutral Flexion

Fig A.3.4 (a): Active flexion and extension, showing ventral and
dorsal pellots used to prevent thoracic motion.

Extension Flexion

[ Fig A.3.4 (b): Passive flexion and extension, showing suited figure
assisting subject in achieving maximum motion.
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co-C1

Cl-C2

c2-C3

C3-C4

C4-C5

C5-Cé6

c6~C7

C7-T1
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Table A.3.1: Mean Value of Axial Rotation for C0-T1

Combined CT in-vivo results of Penning and Wilmink
with Dvorak et al. (1987), from Dvorak (1988a).’8

In-vitro results from Jofe et al. (1983).%

{

1987)
3
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Table A.3.2(a): Mean Value of Axial Rotation for Co0-Cl

I
Panjabi I 7.2
Jofe ' 0.0
Dvorak I 4.0
Penning 1% 1.0 Degrees
Panjabi
Jofe
Dvorak
Penning
5 10 15 20 25 30 35 40 45 50
Degrees
" Data from: Panjabi et al. (1988) &
Jofe et al. (1983) °
Dvorak et al. (1987) 8
Penning and Wilmink (1987) °
Table A.3.2(c): Mean Value of Axial Rotation for c2-C7
1
c2-C3 } S50 8.0
g 5.4
+ .
C3-C4 i e 9.8 S 5.7
S 5.8 SRR 6.4
+ e tm——— fomm e
C4-C5 i“ " 10.3 5 10 15
IS 4.2 Degrees
———— tmm——— fom———— tm——
5 10 15
Degrees
Lysell (1969), in-vivo 34
8 Mimura et al. (1989),

in-vivo bi-planar radiographs °

L 4




Flexion

Extension

Lateral
Bending

Flexion

Extension

Lateral
Bending

cz2-C3
C3-C4
C4-C5
C5-Cé6
Cc6-C7
C7-T1

Table A.3.3(a): Principal Motions of Co0~-C1

Z In-vitro results from Panjabi et al. (1988)

In-vitro results from Jofe et al. (1983).°%

Table A.3.3(c): Principle

Flexion/Extension

5 10 15
Degrees

C2-C3
C3-C4
C4-C5
C5-Ch
c6-C7
C7-T1

Motions of C2-T1

Lateral Bending

" From in-vitro data of Jofe et al. (1983).¢

10
11
11
8
7
4
Fom——— tom——— t=—-
5 10 15
Degrees
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Table A.3.4(a): Active Flexion/Extension for C1-C7

Bakke (1931) Buetti and Baumi (1954)
c1-C2 i ©11.7 Cci-c2 i””
Cc2-C3 | .. 12.6 c2-C3 l“
C3-C4 | e 15.4 C3-C4 Iﬂ
Cc4-C5 | o ' 15.1 C4-C5 | .
C5-C6 | 20.4 c5-C6 l :
Cc6-C7 | o 17.0 C6=C7 | 1. iu™ii i
s s R S ———t e
5 10 15 20 5 10 15 20
Degrees Degrees
De Seze (1951) Penning (1960)
C1l-C2 i , c1-c2 i N
€2-C3 | 13.0 C2-C3 | .+ 12.5
€3-C4 - 15.5 €3-C4 | iy 18
C4-C5 | . 19.0 C4-C5 | 20
C5~-C6 | : 27.5 C5-C6 | o 21.5
Cc6-C7 17.5 cé6~C7 | 15 5
R T ettt At e o e e
5 10 15 20 25 5 10 15 20
Degrees Degrees
Table A.3.4(b): Active vs Passive Flexion/Extension *
1
Cl1-C2 I 15 - Passive
1 S "" l 2 -
+ . o £ Active
Cc2-C3 i ' C 12
C3-C4 i o f)oe N
|
+ .
C4-C5 i L 21
¥
+
C5-C6 i S 23
I
+
C6-C7 i
| Degrees
————— e Fm———— R
25

' From Dvorak et al. (1988b), in-vivo radiographic data °
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A.4 INTERPRETATION OF DATA FROM RADIOGRAPHS AND FROM SKIN
MARKERS

A4.1 Functional Radiographic Examinations

Dvorak et al. (1988) compared different methods of measurement for cervical
flexion-extension radiographs.®® Measurements using the techniques of Penning (1960)
and Buetti-Bauml (1954) were made by three observers independantly. 128,129 rhe
Penning method was found to be more reliable.

Functional diagrams using the two methods are shown in {7 jure A.4.1. The Buetti-
Baumi method shows one vertebra in a fixed position and the adjacent ones displaced
relative to it. The angles of the lines drawn along the posterior border of cach displaced
vertebra represent its degree of flexion or extension.

The Penning method involves superimposing the extension film onto the flexion
film, with the C7 position matching exactly. A line is then drawn along one of the edges
of the flexion film onto the extension film. The procedure is repeated for each cervical
vertebra. The angle between the two lines is the degree of flexion-extension between
adjacent vertebrae.

In chapter 1 some data for segmental motion measured by the two methods was
compared with that from other studies ( see section A.3.6 ). A large variation in mobility
occured for each segment.

However, functional radiographs in flexion and extension are widely used in
Europe.60 Hence, it would be desirable to produce comparable motion data with the
Cerviscope. This would require a transformation function, as described earlier 4.1, in
order to correlate radiographs with motion data from skin markers.

Reich and Dvorak (1986) performed an analogous study for functional radio-
graphic evaluation in lateral bending.75 They were primarily concerned with the extent
of displacement in the atlanto-axial joint. It was concluded that defective ligaments in the
upper cervical spine were apparent from lateral bending x-rays. They found that few
methods exist for evaluating spinal lesions of ligaments in this portion of the spine.

The lateral displacement of the atlas with respect to the axis in sidebending was
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considered useful in assessing C1/C2 stability. This is particularly relevant to the
inflammatory reactions in the suboccipital ligaments of rheumatoid arthritis patients.
Indeed, if left untreated, this condition may actually lead to cord compression and death.
Hence, as in the case of flexion/extension, it would be desirable to establish a relationship

between radiographs and the results for the Cerviscope in lateral bending.

Ad2 Stretching of the Skin

One of the diagrams used to describe the experimental validation of the Spinoscope
has been reproduced in figure A.4.2.7% 1t illustrates the correlation between steel balls
placed on the skin and the lumbar vertebrae underneath. In particular, a linear
relationship was found between the true lumbosacral flexion angle and that measured for
the steel balls. A similar correlation was found for lateral flexion. However, no attempt
was made to draw conclusions regarding full sagittal extension.

The reason for this is that any type of skin markers would overlap in full
extension. They would then becorne indistinguishable to the cameras. This is equally true
for the lumbar and the cervical spine.

Hence, a partial sagittal flexion view is substituted for full extension in the
cervical radiographs. This is consistent with the protocol used for lumbar radiographs,
which called for a total of five views in forward flexion.”*

The corresponding cervical radiographs will be taken with the subjects motionless.
This is, of course equally true for the skin markers and the vertebrae. However, the
Cerviscope will generally gather data while the subject moves. This is therefore a source
of error in comparing the motion of markers and vertebrae.

This error may may be evaluated by establishing a Cerviscope data base for static
positions. Then these may be compared to the dynamic data normally obtained. A similar
procedure was suggested by Gracovetsky et al. (1990) for the Spinoscope.29

Note that both the Cerviscope and the Spinoscope software must be modified to
display the data for the true vertebral motion. In their present form, they actually display
the skin marker motion, which is not quite the same. Work is underway on such a

transformation function and the resulting "virtual markers” are expected to be imple-
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mented in the near future.

The protocol described in chapter 2, as well as in Appendix B, will be used to
gather the cervical data. The angles of forward and lateral flexion will be measured from
the radiographs. This will be done for the vertebrae as well as for the radio-opaque skin
markers.

The relationship between the true flexion and that measured by the Cerviscope will
thus be established. The procedure is analogous to that shown for the lower back in

figure A.4.2. For the reasons outlined above, extension will not be measured.



Fig A.4.1 (a):

Penning method for
determining
flexion/extension.
Extension film is
suoerimpoosed on
flexion, matching
successive vertebrae.
lines are drewn along an
edge of the flexion film
onto the extension film.
The angles between
succesive lines is the
aangle of flexicn
extension for adjacent
vertebrae. Adapted from
Dvorak et al (1988). 60

Fig A.4.1(b):
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C1/2
C2/3
C3/4
C4/5
C5/6
Ce/7

Buette-Bauml method. One
vertebra is in fixed pos tion and
adjacent vertebra in position of
flexion/extension.The angle of
lines drawn along the posterior
border of the moving vertebra in
its two end positions represents
the degree of flexion extension
motion. Adapted from Dvorak et

al (1988). 60

180

C4
C5

Cé6

C1/2 - 198
c2i3 - 17,
Ca/4 - 247
ca/5 - 18,
C5/6 - 18
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Fig A.4.2:
a) Definition of true lumbosacral angle ¥ and its approximation '
b) Correlation between ¥ and ¥  for various radiographs in
flexion/extension. ¢) Comparison of response for two different
normal individuals. Adapted from Gracovetskty et al (1990).74
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A.5 THREE DIMENSIONAL MOVEMENT: DESCRIBING COUPLED JOINT
MOTION IN THE SPINE

A.5.1 The Need for Representing Coupled Motion

According to Stokes et al. (1987), the literature shows that as the spine is
displaced away from its neutral position, axial rotation and lateral bending occur
together.86 However, the coupled motions occurring in the lumbar and cervical spine are
known to be different. 7+10:11,35.67 The arrangement of cervical facets, ligaments and discs

results in a unique type of coupled motion. 10

Gracovetsky and Farfan (1986) considered axial rotation for the lumbar region.81
The discs and facets were found to play distinct roles. The annulus appears to provide the
means for storing energy in its fibers, while the facets may enhance coupling motion.
We can examine whether this argument applies to the cervical spine as well by
comparing the facets for the lumbar and cervical vertebrae. Recall that we saw also from

figure A.3.7 that in contrast to the lumbar joints, cervical articulations are biconvex.>:67

A.5.2 The Unique Nature of Coupled Motion in the Cervical Spine

We saw earlier (section 1.3.5) that the nature of coupled motion in the cervical
spine may be attributed to the unique arrangement of facets, ligaments and discs in this
region.®12% The geometry of the articulating surfaces and the elastic properties of the
ligaments determine the relative motion of the vertebrae.

Hence, the kinematics of the lower and upper cervical spine appear to be quite
different. In lateral bending to the left the spinous processes move to the right, and vice
versa for bending to the right. This coupling decreases gradually between C2 and C7, due
to the change in incline of the facet joints.!'? Reich and Dvorak (1986) found that a

rotational component is always coupled with a segmental sidebending movement. 75

Recall (section A.3.2) that the cervical articulations are described as biconvex, or
saddle joints.35 57 This allows coupling of rotation and lateral flexion, as well as flexion-

extension. As the spine is displaced away from its neutral position, axial rotation and

112

lateral bending occur together." ' The major coupling patterns in the cervical spine are




illustrated in figure A.5.1.

A.5.3 Results of Previous Coupled Motion Studies

Hohl used cineradiography to illustrate cervical coupling as early as 1964.3!
Later, Panjabi and White (1971) helped to pioneer three dimensional mathematical
techniques for analyzing biplanar radiography. 123

They represented the displacement of vertebral bodies in terms of translation plus
rotation. Euler's angles were introduced to represent the rotational aspect of transform-
ations between moving reference frames. However, the error in using Euler's angles was
considered by them to be unacceptable.®

In 1974, Suh also considered the distortion associated with radiographic
images.l?'5 He adapted methods developed for surveying and map production to the
analysis of X-rays of the cervical spine. This involved designing a radio-opaque reference
frame that would appear on the radiograph along with the subject (fig A.5.2).

Brown et al (1976) constructed an analogous reference frame to appear in the X-
rays, but this frame enclosed the entire torso. 126 They used anatomical landmarks to
define the spatial orientation of the vertebrae. The orientation of each body was described
by a translation vector and three Eulerian angles. Then the data was normalized to ensure
a common basis for subsequent evaluation.

Several years later, Pearcy et al (1984), as well as Pearcy and Tibrewal (1984),
were among many who elaborated upon these techniques. 121,127 They pointed out that

"

the diagnosis of back pain "... requires a knowledge of the pattern of movement in
normal individuals to establish what constitutes an abnormal movement and how it is
related to pathology.”

Mimura et al. (1989) used bi-planar radiographs to determine in-vivo ranges of
cervical rotational motion.’ They showed that the direction of lateral bending produced
by coupling is dependant upon the level. Below C3-C4 lateral bending was in the same

direction as rotation. Above C2-C3 it was in the opposite direction (fig A.5.3).

2 Euler angles are defined in Appendix C.
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Plamondon and Gagnon (1990) developed a method for controlling the
experimental error involved in using Euler's angles.4! They used the least squares method
to correct for errors in determining anatomical landmarks, and concluded that this method

can provide both accurate and precise results.




LEFT RIGHT
LATERAL BENDING NEUTRAL LATERAL BENDING

Fig A.5.1: Major cervical spine coupling pattern. When the head and neck
are bent to the right, the spinous processes go to the left, and
vice versa. Adapted from White and Panjabi (1978). 112
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Fig A.5.2: Radio-opaque reference frame that appears on the bi-planar
radiograph along with the subject. Adapted from Suh (1974).72%
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APPENDIX B: FURTHER INFORMATION RELATED TO THE

B.1

B.2

B.3

B.4

EVALUATION OF THE INSTRUMENT

The Cerviscope Standard Report

B.1.1 The Overview Page (page 1 of the standard report)
B.1.2 Sagittal Flexion Extension (movement 2)

B.1.3 Lateral Bending (movements 3 and 5)

Comparison of Cervical and Lumbar Motion Analysis

B.2.1 Characterizing the Functions of the Lower and Upper Spine
B.2.2 Analytical Techniques Used in Motion Analysis

B.2.3 Determining Instability

B.2.4 Measuring EMG Activity

B.2.5 Physiological Significance of the Report

Optimal Contro! of Head Movement

B.3.1 The Motor System of the Neck

B.3.2 Optimization Schemes from Traditional Biomechanics
B.3.3 Coordination Between Vestibular Input and Movement
B.3.4 A Tensorial Model for Control Optimization

Research Protocol and Initial Observations

B.4.1 Initial Observations

B.4.Z Research Protocol
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B.1 THE CERVISCOPE STANDARD REPORT

B.1.1 The Overview Page (page 1 of the standard report)

In addition to complete patient identification, this page contains neutral, forward
flexion, and lateral bending views. The neutral position (labelled 'standing still') is
presented from both the antero-posterior and lateral viewpoints. These may both be very
useful in establishing a subject’s condition. The A-P view will immediately indicate if the
subject holds his/her head to one side, reflecting thie possibility of lateral pathology - or
incorrect positioning.

The lateral view of the neutral position, conversely, indicates the natural state of
curvature in the subject’s upper spine. Anabnormal cervical lordosis or thoracic kyphosis
may thus be identified. Recall from Appendix A.l that straightening of the cervical
lordosis is also thought to be anatalgic.?! As we saw in Appendix A.1.5, Breig (1960)
found that in normal motion the spinal cord folds and unfolds like an accordion.!®
However, it is possible that pathological subjects assume an anatalgic position in order
to prevent pinching or clamping of the cord.

Unfortunately, the lateral bending illustrated on the overview page of the standard
report shows data only for either bending from left to right, or from right to left. The
lateral view appearing on the screen when the report is printed will occur on the overview
page by default. This requires caution when interpreting the data.

Nevertheles., this view indicates whether or not the subject is able to move his/her
head laterally in a "normal" fashion. This should presumably result in a shape
corresponding to half of a parabola. However, as we see in chapter 2 ( section 2.3 ), the
curve fitting by the software does not yet allow this.

The overview page also shows a view of sagittal flexion-extension. Full extension
cannot be measured by the Cerviscope, since some of the IREDs become obscured at
either end of this motion. However, a comparison of the measurable full flexion with the
neutral position can still be useful.

In particular, the subject would be expected to exhibit exaggerated thoracic

kyphosis and decreased cervical lordosis in forward flexion. If this does not occur, there




may be immediate cause for concern.

B.1.2 Sagittal Flexion Extension (movement 2)

The top of page 2 from the standard report illustrates forward flexion, showing
gross motion, inter-segment mobility, and EMG data. This is referred to as movement
2 in the upper right comer of the page.

Below this appear various interpretations of the data performed by the Cerviscope
software. This page thus combines and enhances the information from the corresponding
screens of the Cerviscope report mode.

As described above, the forward flexion view indicates the change in lordosis and
kyphosis in the upper spine. The display entitled 'inter-segment mobility' should thus
show at a giance if intervertebral motion is impaired.

We saw in Appendix A.3 that compensatory hypermobility often occurs above and
below fused or blocked vertebrae.?! This should be evident from the curvature of the
spine in forward bending.

Normal forward bending results in decreased lordosis in C2-C7 and increased
kyphosis in T1-T6. The above should also be reflected in the areas designated "thoracic
kyphosis" and "cervical lordosis" on the lower part of the page.

A reversed segmental curve in the neck is considered more significant than
straightening of the lordosis. As we saw in Appendix A.1.4, this may indicate

. . . N . o]
subluxation, ligament tear, or even disc herniation,?!

B.1.3 Lateral Bending (movements 3 and 5)

The third and fourth pages of the standard report focus on lateral bending. The
first considers bending from left to right, the second from right to left. Note that both
pages are actually labelled 'Page 4' on the bottom right.

This is because the printout software still refers to the Spinoscope report, from
which it was adapted. Page 3 of that report does not apply to the Cerviscope. The two
versions of page 4 from the Cerviscope report are thus L-R and R-L lateral bending.

These are referred to here as movements 3 and 5, respectively.
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The tops of the pages for movements 3 and 5 include information on gross
motion, intersegmental mobility, zoomed gross motion, and segmental orientation. The
lower portion of these pages again illustrates various interpretations of the lateral bending
data by the software.

A key factor to look for in lateral motion is symmetry between right and left
bending. The gross motion for movements 3 and 5 should thus be compared. The relative
rotation between vertebrae and subsequent contribution to overall motion should be
determined from the intersegmental mobility display.

Another factor to consider is listing of the head when in the upright position.
Listing can be seen from the gross motion and the segmental orientation displays. This
may indicate induced derotation to compensate for an injury. Figure B.2.1 shows three
examples of impaired lateral bending due to disc herniation.”®

Interpretation of lateral bending for the Cerviscope is similar to that described in
appendix E for the Spinoscope.74 However, the curvature begins from the middle of the
upper spine. For the lower spine the curvature starts near the bottom in lateral bending.
According to Gracovetsky et al (1990), clinical diagnosis of more than one level of disc
protrusion may not be possible from lateral bending studies.2°

The Cerviscope display substitutes shoulder girdle movement for the pelvic motion
of the Spinoscope. Since motion of the upper spine in relation to the shoulders is

analogous to that of the lower spine with the pelvis, this appears to be a reasonable

choice.
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B.2 COMPARISON OF CERVICAL AND LUMBAR MOTION ANALYSIS

B.2.1 Characterizing the Functions of the Lower and Upper Spine

In studies of motion in the human spine, there are both differences and similarities
between the various regions. The cervical and lumbar areas lend themselves particularly
well to comparison, due to their respective physiological roles. While the lower back
must support the weight of the entire torso, it must also provide a high degree of
flexibility for normal locomotion.

The neck, conversely, supports only the weight of the head, but allows for an even
greater range of motion. In contrast, movement in the thoracic spine is relatively
constrained. The anatomy of these regions of the spine dictates how they each will move,
but the interpretation of this motion remains controversial.

Our purpose here is to illustrate some of the similarities or differences in the
analysis of motion in the cervical and lumbar spine. Recall that the overall analysis in the
Spinoscope includes displays assessing cervical or lumbar lordosis, thoracic kyphosis, and
inter-segmental mobility.

Characterization of coupled motion, to be described in chapter 3, involves a series
of plots illustrating principal vs secondary motion. Principal movements include flexion-
extension, lateral bending, and axial rotation These correspond to motion in the mid-
sagittal, transverse, and coronal planes, respectively. We saw in figure 1.3.3 how these
movements occur in the neck, as well as how flexion extension occurs for the entire
spine.

We saw earlier in chapter 2 (section 2.2) that in the Cerviscope seven markers are
affixed to the skin between C2 and T2, two more at T4 and T7, and three on the back
of the head. Another IRED is placed above each of the iliac crests and the scapulae.
EMG surface electrodes are placed above each of the sternocleidomastoid muscles. This
configuration was illustrated in figure 2.2.2.

For the Spinoscope, twelve markers are placed above the spinous processes fron:
S2 to C7. Two more are placed above the iliac crests, and the ankles. The two EMG

electrodes are positioned bilaterally above multifidus at the level of L5. This configuration
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is shown in figure 2.2.1, along with an overview of the entire Spinoscope system.

Here we will concentrate upon the comparison between the methodologies for
motion analysis in the Spinoscope and Cerviscope. The Cerviscope testing protocol is
analogous to that used for the Spinoscope. Yet the mechanisms of injury involved are
generally different. For example, low back injuries often involve strains due to torsion
combined with lifting. Neck injuries may also be due to torsion, but often in combination
with sudden acceleration.

Smaller loads appear to be required to produce principal motion in the cervical
spine.!! Lateral translations coupled to lateral bending are smaller than for the lumbar
area. Yet the accompanying rotations for the upper spine are larger than, and in the
opposite direction to, those for the lower spine. Hence, neither the kinematics not the
mechanics for these areas are quite the same.%7

In the following sections we will attempt to identify some of the factors involved.
The lumbar spine apperently distributes loads and transmits forces between various parts
of the anatomy. Yet a heated controversy exists as to precisely how this is done (eg. the
role of the thoracolumbar fascia, ligaments vs muscles, etc).84'85'86

The neck, conversely, needs only to support the head. However, this task includes
stabilizing the head relative to the motion of the rest of the body. This involves complex
responses to vestibular stimuli which are the subject of numerous invesugations.“7'l‘8

A multitude of factors must be considered in understanding particular regions of
the spine. The spinal cord, for example, is protected and distributed by the cervical and
thoracic spinal columns - but not the lumbar. Conversely, the viscera of the abdomen are
dependant upon the thoracolumbar spine to maintain their relative positions.

The vestibular system appears to interact with the neck to decouple the head from
the motion of the body. However, the basic function of the neck may only be twofold:

1) to support, stabilize, and correctly orient the head, and

i) to provide a venue for the passage of information, fluids, gases, and solids

between the head and torso.

The forces involved are generally a fraction of those for the back. However, under

high acceleration, the neck may support loads up to 50 g.! Optimization of some sort may
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be performed by the central nervous system in order to stabilize head motion. For the
lower back, an analogous optimization may occur to transmit heavy lvads. Non-acute
cervical dysfunction will often result in restricted head motion. Comparable lumbar
pathology could lead to an inability to lift objects or walk without pam.

Dangerous loading to the lumbar spine may occur due to a large external moment.
Another potential problem occurs when improper flexion occurs in the low back during
a lift. A sudden, unexpected load may also result in soft tissue damage.3! Yet, as we saw
in Appendix A.1, these factors are comparable to situations which contribute to cervical

spine injuries.

B.2.2 Analytical Techniques Used in Motion Analysis

Some techniques used to examine lumbar motion may be directly applied to the
cervical spine. Gracovetsky and Farfan (1986) used computer generated drawings of the
low back to characterize lumbar lordosis.®! Their method may be equally applicable to
the cervical spine.

The starting position was derived from the lateral upright standing radiographic
view of a subject. Reference points on each disc were defined as the junction of the
middle and posterior 1/3 of the discs.

The curve described by these points was then smoothly deformed to simulate
lordotic changes in flexion-extension. The relative positions of all the muscles and
ligaments were fully determined from this curve.

A similar approach was used by Helleur (1983) to model the soft tissues of the
neck.82 The result was a theory which described the reflexive muscle relaxation by pilots
being ejected from aircraft. This sometimes fatal attempt to ‘abort’ the unacceptable load
may be compared to a weightlifter purposely bailing out of a life. 81

Regarding the etiology of low back disorders, Gracovetsky and Farfan (1986)
described two basic causes.?! These are compression and torsional injuries. They involve
damage to bone and ligamentous tissue, respectively. Both cases appear to result in
similar symptoms.

Identifying the injury mode is not straightforward. However, a compression
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fracture usually results in a painful response to forward or lateral flexion. Torsional
failure, conversely, is characterized by pain following torsion of the spine in any
direction.

These observations may be equally valid for the neck as for the lower back. It
should be noted, though, that according to Adams (1987), the lecation of disc lesions

does not support an etiology based on torsion. 34

B.2.3 Determining Instability

Gracovetsky and Farfan (1986) related instability to the torque strength of the
joint 8! They found that as injuries diminish the ring of able layers of fibers in the
annulus, torque strength decreases. Thus, instability occurs when this strength becomes
less than the induced torque due to the load.

This is consistent with the definition of stability proposed by Pope and Panjabi
(1985).8% They perceived stability in the spine as being dependant upon restraints from
ligaments, muscles and other soft tissues. The fibers of the annulus may conceivably be
included in this group.

As we saw earlier, the nature of three-dimensional coupled motion in the spine
depends upon the local anatomy. A spinal segment may nevertheless be stable in one
direction while being unstable in another. Perhaps, then, stability should be treated as
a mechanical entity, regardless of its origin. Instabilities in the cervical or the lumbar
spine may thus be perceived as manifestations of the same condition.

Gracovetsky and Farfan (1986) identified some lower back control components to
be the central nervous system, the sensory system, and muscular response.8! This led
them to suggest that a condition such as osteoarthritis may be attributable to a malfunction
of the stress minimization strategy in the joints.

They also proposed that the posterior ligamentous structures could be involved in
this control system. This hypothesis was supported by Yahia and Newman (1989), who
found Pacinian and Ruffini receptors within these ligaments.87 If these findings also apply
to cervical ligaments, then the control hypothesis may be pertinent as well.

Some of the factors which may be involved in the control strategy for the cervical
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spine are considered below (Appendix B.3). In order to help understand this material, a
brief treatment of tensor algebra is also provided in Appendix C (together with the theory

on linear transformations required as background for chapter 3).

B.2.4 Measuring EMG Activity

The Cerviscope report includes EMG data on only the sternocleidomastoid muscle
in the neck, but this is meant to detect activity in underlying muscles as well.

The Spinoscope also reports on only one muscle.”* There the firing of the multifidus is
also considered indicative of the adjacent longissimus, illiocostalis, and gluteus muscles.

This is an important point, since the order of muscle firing may be crucial to the
interpretation of motion data gathered by the Cerviscopc.77 In the case of the Spinoscope,
ease of access to the multifidus muscle was used to help justify its selection for placement
of EMG electrodes.” This may also be a reasonable argument for choosing the
sternocleidomastoid in the neck.

One research group working with cervical EMG data, Schuldt and Harms-Ringdall
(1988a,b), used electrodes on several neck muscles to examine neck pain in office
workers, 1213 They described the relationships between position and muscle activity
during isometric extension. The configuration used by them was shown in fig A.2.1 of
Appendix A.

They did not monitor the sternocleidomastoid directly, on the grounds that it is
not activated during extension. They also pointed out that although subcutaneous muscles
dominate, adjacent and deeper ones also contribute significantly to EMG activity.

Hence it is reasonable to assume that an electrode placed over the
sternocleidomastoid will pick up splenius and levator scapulae activity. Schiildt and
Harms-Ringdall (1988b) showed that only the activity of cervical erector spinae/trapezius
and levator scapulae were influenced by neck position.]3 It is therefore conceivable that
neck movement will cause the readings from the sternocleidomastoid electrode to change,
through crosstalk from the levator scapulae.

This corresponds to findings during routine system testing prior to Cerviscope

examinations (using the 'real time display' utility). In particular, the EMG from the
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electrode over the sternocleidomastoid changes only if the subject presses a hand against
his/her forehead (ie. isometric tension). Ordinarily, non-isometric movement does not

result in EMG activity during such testing.

B.2.5 Physiological Significance of the Report

For the lumbar spine, the most comfortable lordosis chosen hy a test subject was
related to minimum EMG of multifidus by Gracovetsky ( 1987).8% A single parameter,
such as EMG, was thus never considered in isolation from others. This is reflected in the
way the Spinoscope report screens display parameters in groups which are considered to
be related. A similar approach was used to design the Cerviscope report displays.

For example, coordination between muscle firing and spinal motion is considered
to be very specific in both the lumbar and cervical spine. Hence, the collection of EMG
data 1s shown synchronously with spinal motion.

The ligamentous response is evaluated dynamically, due to the visco-elastic nature
of the collagen fibers of which they are composed (ie. to avoid creep or hysteresis).
Spinal function is generally emphasised over subjective symptoms, since the purpose of
these instruments is to provide objective diagnoses. However, compensatory anomalies
may indicate specific pathologies, which must also be recognized (eg. see Appendix
A.3).7

One such instance occurs when facets remodel themselves to prevent pressure on
a damaged disk.”® Wolff's axioms of bone generation and absorption may be related to
this phenomenon.®! According to Gracovetsky (1988), how a given individual's spine
responds to a specific task may be compared with some norm.”” In the Spinoscope and
Cerviscope, one criterion used for establishing this norm is the minimization or
equalization of stress.

Another is the gradual unfolding of lordosis during the course of forward flexion.
Failure of the lordosis to unfold is perceived as an attempt to avoid straining injured
ligamentous tissue. Indeed, according to Herkowitz and Rothaman (1984), loss of cervical
lordosis may also indicate instability.”8

In lateral bending, protective scoliosis is interpreted as being indicative of injury
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at a given level. Restriction in lateral movement or bending in the direction opposite to
the gross motion are considered to be clues to this condition. Motion within individual
segments is assumed to be impossible to control consciously. Hence, malingering can be
identified by superposition of normal patterns with those of the supposedly injured
patient.77

However, according to Gracovetsky et al (1990), localization to the correct
intervertebral joint is not yet guaranteed.29 It may therefore only be possible to detect

general anomalies using skin markers (see Appendix A.4).
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Fig B.2.1:

Example of impaired (right) lateral bending due to
herniated disc that is

a) lateral to the nerve root on the right,

b) medial to the nerve root on the left, or

c) entrapping the nerve root on the left.
Adapted from Weitz (1981). 79
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B.3  OPTIMAL CONTROL OF HEAD MOVEMENT

B.3.1 The Motor System of the Neck

More than 20 pairs of muscles link the skull, spinal column, and shoulder girdle
in a variety of conﬁgurations.lz"' The mechanical organization of both the muscular and
skeletal structures would thus appear to influence the manner in which the nervous system
will crganize its neuronal output.

In man, head movements are usually categorized as flexion-extension, lateral
bending, and rotation, according to the principle plane of motion along one of three
orthogonal axes (see fig 1.3.3). In experimental animals, such as the cat, the
corresponding vestibular terms are more commonly used. These are pitch, yaw, and roll,
respectively.

However, when the animal is removed from a fixed reference frame, the
movements required to elicit pitch, yaw, and roll will change. Hence, the descriptive
terms of flexion-extension, lateral bending, and rotation may provide a more useful
method of characterizing head movements. These terms do not depend on a particular
relationship between posture and a gravity related reference frame.

The analysis of joint motion is closely related to the control of head movement.
According to Richmond and Vidal ( 1988):124

" ... the articulations of the neck are deeply buried in soft tissue, and their motion
can be difficult to monitor without highly specialized techniques. ... the maximal range
of motion permitted at different cervical levels ... provides an important base of
information for clinical assessments of musculoskeletal dysfunction."”

This subject of cervical range of motion was considered in detail in chapter 1
(section 1.3.3) and Appendix A.3. We note here that there appears to be relatively little
translatory motion between the C1 and C2 vertebrae of the upper cervical spine. The
lower cervical column can undergo a more complicated, mixed movement that combines
rotation with lateral flexion.

Richmond and Vidal (1988) continue: 124

"Until recently, muscles crossing suboccipital joints have been considered to be
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the prime movers of the head. However, muscles that operate across cervicothoracic
Joints must also play an important role in head movement by altering the position of the
cervical column with respect to the rest of the body. ... Particular attention must (also)
be paid to muscles that run between the scapula and the cervical vertebral column.”

Neck muscles are characteristically arranged in layers. The muscles that link the
skull to the vertebral column may be distinguished by the adjective "capitis” in their
names.

The large size and ready accessibility of the long dorsal neck muscles have made
these a common subject for experimental study. Each muscle is divided into serially
linked compartments which are supplied by nerves from different segments of the spine.

The serial organization of compartments may have significance in the physiological
control of long neck muscles. This is because effective shortening and development of
external tension can only be achieved if the muscle components contract in a coordinated
manner.

The long dorsal muscle may be specialized elements of a more extensive axial
muscle system that runs the length of the spine. Hence, the "capitis" muscles are often
matched by corresponding "cervicis" muscles that insert on cervical vertebrae rather than
the skull.

The mechanical action of individual muscles has often been based on knowledge
of muscle shape, attachment, and fiber architecture. However, these predictions may be
quite arbitrary for neck muscles.

The long multiarticular muscles are usually assigned the role of turning, extending,
or ventriflexing the head and neck. The shorter muscles close to the vertebral column are
considered to "stabilize" the spine. More recent experiments have aimed at investigating
the functional roles of neck muscles more systematically.

An unexpected result was found in comparing the EMG records from various neck
muscles. 12# This was the extent to which EMG activity is synchronized from one muscle
to another during some types of head motion. Such synchronization may suggest that the
control mechanisms underlying motoneuron recruitment in neck muscles may be quite

different from those in the lumbosacral spine.
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B.3.2 Optimization Schemes from Traditional Biomechanics

As we saw in Appendix A.2, according to Schultz (1987) the choice of an
objective function is a crucial factor in analytical models of spinal motion.5% An
indeterminate problem usually surfaces whenever analyses are undertaken to explain the
forces and moments involved.

The number of unknowns often exceeds the number of equations of motion in
dynamic problems (or equilibrium in static problems). Internal force estimates may be
obtaincd by rendering the problem determinate through assumptions.

The models described in the biomechanics literature appear to fall into three
categories: rigid-body models, lumped parameter deformable element models, and
distributed-parameter deformable element models. Selection of the optimal solution from
a number of possible solutions requires the choice of an appropriate cost function.”® For
example, one of the optimization schemes that is used minimizes the largect muscle
contraction intensity needed to perform a task. 62

A number of cost functions were investigated by Goel et al (1990).70 Alternatives
included minimization of anteroposterior disc force, the forces along the Y-axis, the work
done by all components, and the work done by the posterior ligaments only. They
selected minimization of anteroposterior shear in flexion/extension and of the work done
by the posterior ligaments in lateral bending. According to them:

"In the absence of a direct experimental valida ion of the results predicted by the
model, the appropriateness of the cost function chosen is not only hard to justify but
assumes a very critical role.”

They added that the formulation of an optimization based model requires the
following data: lines of action, points of application, and physiological cross-section of
muscles, as well as permissable stress intensities.

The above represent sampling of the optimization schemes that have been used in
biomechanics applications. We now consider aspects of the alternative optimization

schemes being considered in the neurophysiology literature.
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B.3.3 Coordination Between Vestibular Input and Movement

Nashner et al (1988) considered head stabilization for subjects standing on a
moving platform and adapting their posture to various perturbations. '8 They found that
stabilization of the head is accomplished on a feedforwa.d basis by the simultaneous
activation of hip and neck flexor muscles.

Their results suggested that control of head and body motions is coordinated
during hip postural movement. They thus hypothesized that head and body motion may
be controlled independently. The interaction of anticipatory and reactive control was also
demonstrated when large perturbations forced subjects to use mixtures of ankle and hip
responses.

The rotational orientation of the head was actively fixed with reference to gravity.
This appeared to support the hypothesis that the vestibular system can be used as a
'reference sense'. Responses of patients with vestibular deficits further supported this
hypothests.

They concluded that there is significant interaction between mechanisms for
organization of the senses and coordination of movements. Their results suggest that the
pattern of postural movement selected depends on both the configuration of the support
surface and the availability of sensory information.

Graf and Wilson (1989) considered afferent signals to the vestibular nuclei from
receptors in the neck.30 They found that the best response vector orientation of neurons
receiving vestibular input does not correspond to the semicircular canal geometry.

The response vector orientation of afferents from spindles in neck muscles were
found to reflect the best pulling directions of the muscles in which they are located. Thus
it was not considered surprising that they bear no relation to semicircular canal planes.
However, they warned of the attempts by Pellionisz and Peterson (1988), which we will
consider below, to model the sensorimotor transformations. !3!

According to Graf and Wilson (1989), our understanding of the spatial qualities
of the afferents to the vestibular system and their relation to head-neck movement is still

at an early stage.!>® Mechanical constraints limit the number of degrecs of freedom of

the head movement system. They thus suggested that a given motor control signal might
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be economically distributed to multiple target sites which have the same functional
context.

This calls for some kind of geometrical organization of the motor systems involved
(see figure B.3.1). They suggested that the spatial organization of the semicircular canals
in the head provides an optimal resolution for the detection of head movements in three
dimensional space. Nevertheless, they concluded that how such information is utilized

remains open to discussion.

B.3.4 A Tensorial Model for Control Optimization
Pellionisz (1984) described a controversial new model for the relationship between

132

the central nervous and musculoskeletal systems." < Since the geometrical alignments of

the vestibular receptors and the neck muscles have been measured experimentally, it may
be possible to apply this model to the vestibulocollic reflex (VCR). 131

This may allow us to predict the patterns of motor activation described earlier
from the geometry of the receptors and effectors. It may also be possible to extend this
model to voluntary neck movement.

According to the Pellionisz model, the central nervous system (CNS) must
transform stimuli from the reference frame of the sensors into that of the motor system.
As we saw earlier, tensors are mathematical operators expressing the relationships among
vectorial representations in different frames of reference (see Appendix C for review of
vector and tensor algebra).

The response of a sensor to a stimulus is independent of the responses of other
sensors. It is proportional to the cosine of the angle between the sensor's axis of
maximum sensitivity and the axis of the applied stimulus. The projection of a stimulus
vector onto the sensor axis corresponds to the covariant representation, which we also
defined earlier.

Conversely, the muscle activations that generate the response are not independe at
of one another. The forces or torques which they generate must be added in a

parallelogram fashion to produce the desired movement. This corresponds to a

contravarient representation.
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The CNS may thus be perceived as a tensorial network. It converts covariant
sensory input from one frame into a contravariant motor output in another frame.
Pellionisz and Peterson (1988) described the tensorial model of the VCR as follows:!3!

"The VCR model has three transformation stages consisting of matrices that
represent tensorial operations. Stage 1, a 3x3 matrix representirg the vestibular metric
tensor, converts vestibular sensory input from covariant to contravariant form. Stage 2,
a 3x30 matrix representing the sensorimotor imbedding tensor, converts the signal from
vestibular to neck motor coordinate frames. Stage 3, a 30x30 matrix,representing the neck
motor metric tensor, converts the neck motor command from covariant to contravariant
form.”

The anterior, horizontal and posterior semicircular canals thus constitute a three
dimensional reference frame.!> Head movements are measured as the orthogonal
projections of the movements on these axes. A compensatory head movement is then
generated by the motor apparatus, using a 30-axis motor frame (sce figure B.2.2).

However, the motor system is actually overcomplete. 13 There are thirty muscles
generating head movements in three rotational degrees of freedom. Thus the number ¢
independent muscles exceeds the number of degrees of freedom of the appendage which
they control.

It follows that an infinite number of different muscle activation patterns can
produce the same movement. An optimality criterion is required for choosing the
particular pattern observed experimentally.

Pellionisz (1988) proposed a solution in the form of tensorial modelling. 133 This
uses the difference between covariant and contravariant representations of the movement,
expressed in the muscle frame of reference. The covariant represeatation can always be
found uniquely by projecting the movement vector onto each of the muscle axes. The
problem then, is to find a unique contravariant representation.

The central, covariant embedding tensor ¢, is considered to project the 3 sensory

1]

axes upon the 30 motor axes. This may be expressed as¢; = u, - v;, where u and v are

the coordinates of the sensory and motor axes, respectively. Thus C;; turns the physical

contravariant input into the contravariant projection components.
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However, two other conversions in the scheme are needed. The 3x3 sensory
metric tensor gP' converts covariant sensory reception into contravariant sensory
perception. The 30x30 motor metric g' then converts the covariant motor intention into
contravariant motor execution.

Mathematically, the required contravariant metric tensor gP' can be expressed as
the inverse of the covariant metric tensor Epr If Bpr is the scalar product of the vectors

of coordinates in the sensory reference frame, then we have

g =g, = v

Since the system is overcomplete, g, has an infinite number of inverses. The
unique inverse gic that we seek can be obtained from the Moore-Penrose formula 134,
given by the following sum of combined scalar and vector products:

g* =2 _1/L_{E,xE)

where E_ are the eigenvectors and L, are the inverse eigenvalues of the system.

With the inverse thus calculated, the model predicts for each neck muscle a unique
direction of head rotation for which that muscle should be maximally activated. According
to Pellionisz (1988) , the model was found to correctly predict the VCR in decerebrate
cats. 133
Specific activation directions were consistently chosen by the cats from the infinite
number of possible directions. This was considered to reflect an internal algorithm
employed by the VCR to resolve the overcompleteness of the system.

In the vestibulocollic reflex, the muscles are maximally activated by rotations in
planes other than the pulling ones. This may be due to the nonorthogonallity of the
muscle axes. Again according to Pellionisz (1988), the tensorial model appears to

correctly account for this as well.!33
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B.4 RESEARCH PROTOCGL AND INITIAL OBSERVATIONS

B.4.1 Initial Observations

A preliminary evaluation of the Cerviscope was performed using the data from
twenty subjects. One group of subjects were randomly chosen volunteers examined at the
Diagnospine Research lab 2. The other group consisted of patients from an affiliated
local clinic referred to here as AST.

The test procedures for examining these patients are described in research protocol
below. This refers to the standard procedures now used for applying IREDs as precisely
as possible on the subjects' neck and upper back. The protocol describes the research
protocol designed for accumulating a database for the Cerviscope.

Figures B.4.1 and B.4.2 illustrate the standard report overview page for each of
these subjects. There are several basic questions that can be posed immediately upon

examnation of this data. These are considered below.

Question: i) Are there clear differences between the representations of cervical motion

among the various subjects ? If so, is there any noticeable pattern to these differences ?
The answers to these questions will indicate if the Cerriscope is sensitive to variations

among individuals.

Answer: The answer to the first part of this question appears to be 'yes'. Both
flexion/extension and lateral bending views from figures B.4.1 and B.4.2 show distinct
differences between subjects. The lateral 'standing still' view is similar for all subjects,
but the question refers to dynamic views only. We will consider thi-, further bclow.
The A-P 'standing still' view differs significantly between subjects. This is a
reflection of the difficulty in placing the IREDs in a straight line on the patients. It also

stems from the paraliax effect due to their natural lordosis and kyphosis.

* Diagnospine is the research arm of Spinex, the manufacturer of the Cerviscope.
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The answer to the second part of the question seems to be 'no'. There arc no
obvious patterns describing the differences between subjects. However, determination of
these patterns would be equivalent to identifying specific pathologies. Hence, it is not

surprising that this is not yet evident.

Question: ii) Is there a noticeable difference in the data for Diagnospine and AST
subjects ? This is important in determining consistency of the Cerviscope tfrom one

installation to anuther.

Answer: Here it should be emphasised that all except the last three Diagnospine subjects
were asymptomatic volunteers. The AST patients, conversely, were generally referred to
that clinic for various neck problems.

Nevertheless, there are clear asymmetries in many of the Diagnospine subjects’
views, particularly lateral bending. This may be due to adaptation to unsuspected
abnormalities. Meanwhile, there are some apparently normal patients among the AST
group.

Hence, there is not the pronounced difference expected among these two groups.
Generally, the form of the curves for the various views is consistent for both groups.
Thus the particular machine used to perform the examination does not appear to make an

obvious difference.

Question: iii) Among the Diagnospine subjects, the first eight were examined by a single
individual. The remaining examinations were performed by other personnel. Are there
obvious differences between subjects 1-8 and 9-11 ? This, in turn, is important in

determining consistency of the Cerviscope from one operator to another.

Answer: There appears to be no noticeable difference between the representations for the
two groups. Recall that all three of subjects 9-11 were suspected of pathologies.
However, as we shall see below, subjects 1-8 also appeared to exhibit some asymmetrical

behaviour.
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ugstion: iv) Are there any similarities between the various subjects ? There must be

some consistency in order to identify normal patterns of motion.

Answer: The most obvious similarity among subjects is the lateral 'standing still’' view.
Hence, this may provide a standard by which other subjects may be judged. In other
words, if this view is drastically different from the others, then that subject's entire set
of data may be questionable.

The flexion/extension views exhibit similarities in general shape, but the changes
in lordosis and kyphosis vary. This is encouraging, since these variations may provide
an important diagnostic indicator (see section z.2.3). The lateral bending views show very

little similarity among subjects.

B.4.2 Research Protocol
The research protocol for the above preliminary study is described in the following

pages [ from Papagiannis, Asselin, and Roozmon (1990) 88,
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Cervical Spine Diagnosis: Research Protocol

Introduction

In recent years the cervical spine has become the subject of numerous biomechanical
studies. Both in-vivo and in-vitro techniques have been employed to quantify the motion of the
cervical spine segments.

It is also well established that diagnoses of non-acute injuries resulting from trauma are not
evident and improperly diagnosed injuries may result in chronic long-term effects. Hyperextension
and hyperflexion injuries were shown to be particularly conducive to this situation. Currently
available systems (or instruments) for the purpose of cervical spine metion analysis do not lend
themselves to routine evauation of cervical soft tissue injuries. Hence, there appears to be 4 need
for instrumentation that will permit objective clinical evaluation of patients.

The CERVISCOPE

The cervical spine diagnostic tool being evaluated is known as the CERVISCOPE. It is a
modified version of the commercially available SPINOSCOPE which is used for thoracolumbar
spine diagnoses; the CERVISCOPE functions and relies on the same principles (Refer to
Spinoscope Documentation). The ability to objectively differentiate normal from pathological
cervical segmental motion, Head-Cervical Spine-Shoulder coordination and muscular response
should facilitate diagnosis.

Normative Data

A review of the literature related to cervical spine motion studies has shown that the
available data is not readily usable with the CERVISCOPE. Hence, a complete set of normative
data will be derived from CERVISCOPE examinations in conjuction with the current research.
Normative data will provide a standard for comparison with subsequent evaluations of pathological
subjects.
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Research Protocol

The group of subjects to be examined with the CERVISCOPE may consist of people from
the so called "normal” population (should conform with medically accepted standards of non-
pathological spines) as well as people suffering from various non-acute cervical ailments.

Each subject should undergo a series of standard radiographs followed by a CERVISCOPE
¢xamination and independent clinical diagnosis (refer to the respective protocols below).

I. Para-Clinical Evaluation: Radiographs

Radiographs (X-rays) should be taken with all subjects wearing the CERVISCOPE harness
as insticted by Diagnospine Research (refer to attached diagram). A small metallic chain acting as
a plumb line should be hung in front of the exposure plane of all radiographs to insure proper
identification of the vertical. The X-ray apparatus should be positioned so that the angle of
incidence is 90 degrees.

The following protocol is suggested:

a) Three (3) A-P for lateral bending:
a.l Full flexion to the left;
a.2 Standing Still (neutral position);
a.3 Full flexion to the right.

b) Three (3) lateral for flexion / extension:
c.1 Standing Still (neutral position);
c.2 Full Sagittal flexion;
c.3 Partial Sagittal flexion.

NOTE: To minimize iradiation exposure with "normal"” subjects, either A-P or lateral radiographs
(3) for each subject will suffice.




II. CERVISCOPE Standard Evaluation

Subjects should be sitting on a stocl with the head and cervical spine complex moving
inside the volume of the calibration frame (Refer to SPINOSCOPE Documentation on Calibration
procedures). Subjects should be harnessed as instructed by Diagnospine personnel during
installation of the CERVISCOPE (Refer also to the attached diagram). Please cut the round double-
sided adhesive stickers as shown on the attached diagram to eliminate interaction between adjacent
ones on the cervical spine.

The following movements should be performed:

1- Standing Sall
2- Sagittal Flexion / Extension ™
3- Lateral Bend L /R

4- Sagittal Flexion / Extension”

5- Lateral BendR /L

6- O /M Rotation Neutral to Left
7- O / M Rotation Neutral to Right
8- Standing Sdll

9_ ook

Full Extension movements cannot be recorded with the CERVISCOPE in its current
implementation, Please, instruct the subject to return to the Neutral position after Flexion.
** Cerviscope data may also be recorded while the subject is walking on a treadmill. In

some pathological cases this may be the only alternative measurement of neck function.

IU. Clinical Evaluation

Independent clinical diagnoses should iclude a complete medical history of the subject and a
detailed description of the clinical examination (Pain questionnaire, tests performed etc.) in order to
establish possible normality criteria and help correlate clinical findings with Cerviscope evaluation.
Clinical diagnoses may be based on any diagncstic tool other than the CERVISCOPE. One should
note that MRI results will be beneficial in establishing pathological cases, particularly if



197

neurological dysfunction is suspected.
IV. Record Keeping

Good record keeping will allow for reliable data interpretation and help produce results in a
reasonable time. Please retain the following for each patient examined:

i. Radiographs, clearly marked with the subject's name and the date of the exam. The
vertical must be clearly visible.

ii. Data disk(s) from the CERVISCOPE (Archive Utility) (Printed reports are optional).

iii. Clinical evaluation, signed by attending physician.

iv. All other para-clinical evaluations received (i.e. MRI results) as fully documented as
possible.

v. Personal records. Information required: Name, Age, Sex, Height and Weigh:t.

vi. A photograph, if possible, of the IRED and EMG configuration on the subject.

Remarks

The present research proposal was prepared by Diagnospine Reasearch Inc. If you feel that
certain omissions have been made, if you have any suggestions on improving the research protocol
or if you would like any further clarifications or assistance from Diagnospine Research, please feel
free to contact us. Any feedback received will be greatlly appreciated.




Fig B.4.1:

overview of Diagnospine subjects.
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Fig B.4.2: Overview of AST subjects.
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APPENDIX C: VECTORS IN THREE DIMENSIONAL SPACE

C.1 Direction and Euler Angles
C.2  Transformation Matrices
C.3  Tensor Algebra

C.4 General Linear Transformations in 3D Space

C.5 Covariant and Contravariant Representations
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C.1 DIRECTION AND EULER ANGLES

In order to describe the three dimensional orientation of
a vector in space, we may refer to the angles made by the
vector with the three principal axes. Figure C.1.1 (a) shows
how these 'direction angles' o, B, and 7 may be defined. Their
cosines are referred to as 'direction cosines'.™

The three dimensional direction angles may easily be
derived from the 2D projections of the 3D vecter onto the
three principal planes. This derivation was shown in figure
3.2.4 for the direction angles which were defined in chapter
3 for characterizing coupled joint motion. However, there they
were called a, €, and 8 to be consistent with the nomenclature
used for the Cerviscope and Spinoscope.

When these angles are used to describe the rotations of
a reference frame, then they are referred to as 'Eulerian
angles'. Figure C.1.1 (b) shows the relation of the Euler
angles to the fixed and rotating reference frames.'®

These are often described in terms of angles of nutation,
precession, and proper rotation (ie. as in the motion of a
gyroscope). The angle of nutation £ 1is that between the
positive directions of the z and z' axes. The angle a is the
angle of precession, and 7 is the angle of rotation. The
transformation from one reference frame to another using Euler

angles is described in detail below (see figure c.2.1).%
C.2 TRANSFORMATION MATRICES

In a plane, a second order transformation matrix may be
used to describe a rotation between two orthonormal bases
(i,3) and (i',3j'). If

iv- i = 3* - § = cosa and i'- j = =3!' - i = sina
defines a rotation, then it follows that

i' = cosai + sinej and j' = -sinai + cosaj. (1)
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Hence, if the (i,j) frame is denoted by F, the component
matrices of i' and j' in the frame F are the columns of the
transformation matrix R, defined by:

R = cosa -sina (2)
sina cosa

This leads to the more general result representing the
transformation of a vector v in (i,3) to v' in (i*,j"). We
thevefore have

v=vi+v,j and v = v'i' + v'ijr. (3)
Substituting from (1) into (3) gives

v = (v'ycosa - v',sina)i + (v';sina + v',cosa)] (4)
and using matrix notation leads to the result that

v, v'i,cosa - v'zsina
v v'.sina + v'_cosa
2 1 2
= cosa -sina v,
Lsina cosa v',

or V =RV', (5)

I

where V and V' are the column matrices shown above, and R 1is
the transformation matrix defined earlier.
Similarly, the 3D transformation from

v=vi+vj+vk to v'= viis + vi3r + vk (6)
can be expressed by
v= zq l1qv'q )i+ zq lzqv'q )3+ zq l3qv'q )k (7)
where
Ly 127 lis
L= Lo 1 1z (8)
1, 1s lss

is the 'orthogonal matrix', such that:
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iv = 1,i + 1,5 + 15k,
3 = 11+ 15 + 15k, (9)
k' = 1gi + 1,3 + 1k.

Now, since (i,3j,k) and (i',j',k*') are unit vectors, it
follows that
2 _ 2 2 -
T, 12 = B, 1%, =5, 1%, = 41, (10)

where the summation is for q =1,2,3.

Furthermore, since it',j',k' are mutually orthogonal,
their scalar products are zero.

Therefore :

Zq Lol = Zq lgile = B4 lelg = Oy (11)
where the summatlon is again over g = 1,2,3.

Using the 'Kronecker delta' notation tiile six equations

defined by (10) may be written as
Eq lopler = Spr (p,r = 1,2,3). (12)
where § = 1 if k=s and 0 otherwise.

Hence, applying this notation to (7), we have the result
that:

v, = Zq 1my'q , (p=1,2,3) or V = LV', (13)
which describes the change of reference frame for the column
vectors v and v!'.

From equation (9) it can be seen that the columns of L
are the component matrices of i',j',k!' relative to i,j,k. We
now define 'right hand' and 'left hand' reference frames by
the conditions that the determinant |L] = +1 or |L| = -1,
respectively. This is equivalent to saying that the vector
product k' = it' X j' or that k' = -i* x j°.

A three dimensional transformation from the frame (i,j,k)
to any other right handed frame (i',j',k') can be effected by
three successive rotations through the Eulerian angles «,8,
and 7.

In figure C.2.1, the transformation from i,j,k to
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it*,j',k' begins with a rotation through angle a about 0Z. The
transformation matrix representing the rotation is

R, = cosa ~-sina 0
sina cosa 0
0 0 1

The next rotation is through angle B about the axis OA,
and the third rotation by 7 is about the axis OD. The matrices
representing these two rotations are, respectively

R, = 1 0 0 and Ry = cosT -sint O
0 cosfh -sinf sinrft cost O
0 sinB® cosB 0 0 1

The three rotations may be considered to give a single
transformation matrix R = R,R,R; which takes i,j,k into
i',j', k', where

cosacosT-sinacosBsinr -cosasinT-sinacosBcosT sinasinB
R = |sinacosT+cosacosfsint -sinasinrt+cosacosBcostT -cosasinB
sinBsinr sinBcosrt cosB

This can be generalized to the rotation of a vector v in
i,j,k to w in i',j',k', where w = viit 4+ v,3r + vk
Substituting in equation (9), with L replaced by the rotation
matrix R = (rpq) above, we have

w o= (Eq r1qvq)i + (2, rzqvq)j + (Zq r3qvq)k (14)
so that the components of w in the i,j,k frame F are

wp=zqr v . (15a)

In matrix form, this equation is the same as (5) in 2D
space. Hence, in 3D space we have

W = RV. (15b)

Note that the effect of rotating the vector is the
operation (15) above on V, while the effect of rotating the
reference frame is the operation of R on V (ie. since R is

an orthogonal matrix then the inverse R' exists and is equal
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to the transpose R"). Hence, it follows that
Vv = R'W = R'W . (16)

C.3 TENSOR ALGEBRA

We now consider the topic of tensors in 3D space. This
follows from the vector analysis presented earlier and is
useful in examining general transformations.

A second rank tensor T is a mathematical entity described
by nine quantities t, (p,a=1,2,3) relative to a given basis.
Each suffix p,q of t, transforms like a vector suffix under
rotation.

Tensors of rank n > 2 can be defined similarly. A tensor
T of rank n has 3" components tpq...r (p/9, .., = 1,2,3) where
there are n suffixes p,q,...,r.

Recall that a vector V in 3D space is uniquely determined
by its three components v, relative to a basis 1i,j,k. These
components obey the transformation laws (15) and (16) above.

Hence, if the nine components of T relative to a basis
i',j',k' are t' _ (r,s = 1,2,3), then the transformation law
(13) is generalized to

te =L, 5, 1,1, t', (p,qg=1,23) (17)
where L is the transformation matrix and summations are over
values 1,2,3.

It may be convenient to regard (t) as a 3x3 matrix T ,
with p labelling the rows and g the columns. Then

te = T, 5 Lt 1] (18)
where t' =% Z, lrpT lqu t

=3I, I, t, 1, 14 (19)
is the inverse transformation involving the matrix L' = LT.

S

We can now write the equations (18) and (19) as
T = LT'LY and T*' = L'TL, respectively. This is a
generalization of the equations for rotating vectors and

reference frames given by equations (15b) and (16).'"3
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C.4 GENERAL LINEAR TRANSFORMATIONS IN 3D SPACE

ILet us now consider general linear transformations in 3D
space. The operations of rotating a reference frame or a
vector, considered earlier, were only a subset of all linear
transformations. Each 3x3 matrix A defines a linear
transformation of a 3 component vector v in 3D space.

The transformation analogous to equation (9) will define
the three vectors a;,a;,a; by
a, = a”i + a21j + agk,

a, = a,,i + a,} + a;k, or (a;, a, a;) = (i 3 X)A (20)
a; = apl + ayj + agk,
where A is the matrix (a, ), (r,s = 1,2,3).

If we now add the constraint that the determinant |A| is
nonzero, then the columns of A will be linearly independent.
Hence the row vectors a_ (r =1,2,3) span the 3D space, and a
unique inverse A™' of A exists, where (i j k) = (a, a
a;)A"l.

Note that A™' is not necessarily equal to A' in this case.

2

Furthermore, the vectors a_ are not in general unit vectors,
nor are they mutually orthogonal. A basis formed by such
vectors is called an 'oblique frame of reference'.
Suppose now that a vector v is represented in terms of
the two bases as
v =v,ii +v,j + vik (21a)
and

v =v,ta, + vy'a, + vy'a; . (22b)

Thus we can express the general transformation as
VvV = AV, (23a)
If instead v is deformed by the transformation from i,j,k
into a different wvector w in a,,a,,a; then we have
w = v, + V,a, + via; . (24)
Hence
w, =%, 6 ayV or W = AV, (25)
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whi-h is analogous to equations (15).

Now, if (a,,a,,a;) and (b,,b,,b;) are two oblique frames
of reference, then they are related to (i,3,k) by
transformations of the form

(a, a, a;) = (i J k)A; and (26a)
(i j k) = (b, b, byAa", (26b)

for some 3x3 matrices A, and A,, where the determinants |A,]
and |A,] are nonzero.

Therefore, if we form the matrix product M = Az"A, with
the determinant |M| nonzero, then it follows from equations
(26) that the bases are related by the transformation

(a,,3,,35) = (b,,b,,bs) M. (27)
Hence the vector v considered above also has the
representation
v = v,"b;, + v,"b, + v3'by , (21c)
and the component matrices in the two obligque frames are
related by
Vi = MVY, (23b)
which is analogous to equation (23a) above.

C.5 <COVARIANT AND CONTRAVARIANT REPRESENTATIONS

The set of « vectors (e',e?,e’,...,e", ) is said to be the
'reciprocal basis' relative to the basis (e, e,,e;,...,¢;} of

an inner product space V if
k

e 'es=€k's ' k,s =1,2,..., N
and as before, §, _ is the Kronecker delta defined by
§ = 1 if k=s and 0 otherwise.

k,s
Thus a vector v has components v¥, k=1,2,...,N relative

to the basis (e',e?,e’ ...,e", ) and components v,, k=1,2,...,N
relative to its reciprocal basis (e, e, e;,...,e,} (see figure
C.5.1). Hence:

v = I ve and v = 3 v

e .

The components vi,v%,...,v" with respect to the basis
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{e,e,,e5,...,8,)} are often called the 'contravariant
components' of v, while the components VirVareso,Vy With

3,...,e",) are called 'covariant

respect to the basis {(e'!,e?, e
components' (see figqure C.5.2).

A substantial part of the usefulness of orthonormal bases
is that each orthonormal basis is self-reciprocal. Hence
contravariant and covariant components of vectors coincide. In
orthonormal systems there is no need to distinguish between
covariant and contravariant components. The indices may then

be written simply as subscripts.'




Fig C.1.1: Direction and Euler angles.

Fig C.1.1 (a): Direction angles between a 3D vector and the three
principal coordinate axes. Adapted from Salas and Hille
(1974), 137

Fig C.1.1 (b): The relationship of the Eulerian angles of nutation,
precession, and rotation to the fixed and rotating
coordinate axes. Adapted from Fowles (1977).138




t2
—
t2

Fig C.2.1: Rotation between two reference frames in
3D space. Adapted from Chisholm (1978).113

v

1
e

Fig C.5.1: A basis and reciprocal basis for R 2 Adapted
from Bowen and Wang (1976).

b 1
e
Fig C.5.2: The covariant and contravariant components of a
vector in R 2. Adapted from Bowen and Wang (1976).

e
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B. Cervical Report Menu

C. Definitions

D. Report Pages

E. Selecting New Parameters

F. Other Functions

2 From Roozmon et al. (1991)136
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New Cervical Report Software
Notes for the User

A. Getting Started

To get to the Cervical Report from the Spinoscope's main menu,
- choose "Report"”
- a report selection menu will appear with the following choices:
Cervical Coupled Motion Display - the new cervical report
Regular Report Display - the original cervical report
Thoracic Report Display - the thoracic repr 1
Spinobase Patient Selection - the database used to select a patient for viewing a cervical report
Gait Analysis Display - not available
Exit to Shell - to return to main menu
- click on "Spinobase Patient Selection” and select a patient
- exit the spinobase and select the “Cervical Coupled Motion Display” from the report menu.

B. Cervical Report Menu
By default, the software will display Page 1 of the report, which is labelled "3D Vector Motion”. There are

six pages in total. Look to the left of the screen and you will see the selection menu for the new cervical
report with the following items:

Green Boxes (for selecting report pages):

3D Vector Motion Page One
Absolute Angles vs. Time Page Two
Relative Angles vs. Time Page Three
Relative Angles vs Angles Page Four

Normal Vector Position vs. Time  page Five

Stick Figures Page Six

ellow Boxes (for changing the parameters); Red Boxes (lunctions):

Rotate Normal Vector sfl'npt Page
Select New Parameters Here Exit

Remarks Box

Please note that at the bottom of the screen there is a green "remarks” box. This box appears for cvery page
hnd displays messages indicating the parameters that have been sclected for display, the default va'aes

Ehosen by the computer, or instructions on using the mouse.
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The cervical report analyses and displays motion in terms of vectors and angles, The movements are

VECTORS

A vector is defined as a line that
joins two points in space. Inthe
Cervical Report, the points that
are joined are LEDs. For Head
Vectors, the default LEDs that
arc joined are numbers 1 and 2,
and 1 and 3. For Neck Vectors,
the default LEDs that are joined
arc numbers 4 and 17, and 4 and
18. For Thoracic Vectors, the
default LEDs are numbers 12 and
17, and 12 and 18. Figure 1
shows how the LEDs on the back
are arranged into v.ctors.
Different scts of LEDs can be
chosen to form the vectors, (For
example, the Neck Vectors could
be derived from LEDs 5, 17, and
18, or 6,17, and 18, etc.) Chang-

All vectors are drawn from
(originate from) a LED along the
midline. To sce the vectors on
the screen, look on the first page
"3D Vector Motion". The vectors
are represented in several
different configurations by red,
yellow, and white lines. In figure
1 the vector extending to the left
of the LED is represented on the
page onc screen by a red line.
The vector to the right of the
LED is represented by a yellow
line.

zZ-axis " \ Vectors

Thoracic Vectors

QO - LED

FIGURE 1: Vectors

See the vectors marked "Normal XZ = FRONTAL or

Vector in figure 1. A normal EPSILON PLANE
vector is represented on the page XY = CORONAL or

one screen by a white line. A THETA PLANE
normal vector is perpendicular to ZY =SAGITTAL or

the plane formed by the left- ALPHA PLANE
extending (red on the screen) and

right-extending (yellow on the (please see next page for

definitions of angles alpha,
epsilon, and theta)




NORMAL VECTOR

A normal vector is a line thatis at
a ninety degree angle (perpen-
dicular) to the plane formed by
the other two vectors extending
from the same LED. For in-
stance, see figure 1, Vectors4 -
17 and 4 - 18 form a plane. The
normal vector is projected away
from the plane at a nincty degree
angle.

ANGLES

The Cervical report charts alpha,
epsilon, and theta angles. These
angles are calcnlated based on
projections of the normal vectors
onto the sagittal, frontal or
coronal plane.

Figure 3 represents the epsilon
angle of a normal vector during
flexion/extension. The angle
epsilon is derived from projecting
the normal vector onto the frontal
plane.

z axis

In other words, as the examince
moves his/her neck forward
within the sagittal plane the neck

also moves slightly to the rightin __—"]

the frontal plane (ie. coupled
motion). The angle epsilon

2-axis

Figure 3

describes this lateral motion, Frontal P]kme

(XZ Plane

y axis

Coordinate
system
defined by
calibration
framae.

€ = epsilon

90 degre

Nomal Vector
(Neck)

le @

Note:

Vectors are displayed on
pages one and five. Angles
are displayed on pages two,
three, and four.

Normal
vector

1 (Neck)

@

Observer
N (e
_7JF 7
—

"\ Triangle formed by
veclors joining three
LEDs: 4,17,and 18
on cxaminee's back.
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FRAMES

At the very bottom of the page one screen, there is a line indicating the default frame settings: "Displaying
frames 0 to 70 in steps of 10 for FE.” This means that the flexion/extension movement tracked by the
computer has been broken down into frames. An analogy would be the way that film capiures movement in
a serics uf still photos, cach one called a "frame”. Zero is the starting frame, and shows the position of the
vectors at the start of the movement, and 70 is the last frame. "In steps of 10" means that the computer is
displaying the vectors as they were configured at frames 10, 20, 30, 40,. 50, 60, and 70. (To display other
frames, use "Select New Parameters Here" .)

COUPLED MOTION
Looking at the angles of the vectors in different planes is a method of examining overall motion as well as

coupled mor on. An example of coupled motion is that when an examinee bends his/her head forward
(flexion/extension) the neck will also exhibit motion laterally: concurrently bending to the side, if only

slightly.

D. REPORT PAGES (see appendix for samples of report pages)
PAGE 1: 3D Vector Motion

On this pagc of the report, the motion of the cervical spine is represented by vectors: Head Vectors, Neck
Vectors, and Thoracic Vectors. The vectors are shown for the default movement, which is flexion/exten-
sion. To choose another movement, you may use "Select New Parameters Here".

There are nine different :.cctions to this page of the report. Three views of each group of vectors are
displayed: Top, Back, and Side views (representing the coronal, frontal and sagittal planes) of the Head,
Neck, and Thoracic vectors.

As descnibed in the sccuon on "VECTORS", red generally represents the vectors extending to the left out of
the LED, ycllow represents the vectors extending to the right, and white represents the normal vectors.

NOTE: For pages two and three the principal motion in each column is indicated by the boxes with
red borders. The secondary, or coupled, motion is shown in the boxes with green borders.

PAGE 2: Absolute Angles vs Time

This page plots the angle of the normal vector versus time for three movements: Flexion/extension, Lateral
bend, and Axial Rotation. The default normal vectors are the same as on page one, namely the vector
cextending from LED 1 (a Head Vector) and the vector extending from LED 12 (a Thoracic Vector). This is
indicated in the box at the bottorn of the screen: "Displaying angles for head vs thoracic (T6) LEDs. LED 1
and LED 12 are the normal vectors in the default configuration. To change vectors displayed, go to
"Select New Parameters Here”.  One can even look at the motion of vectors of adjacent LEDs, which
corresponds to intervertebral mobility (see section E to learn how this may be done).



Column 1: Principal Motion is Flexion/Extension

All three graphs in this column plot the angles of the Normal Head Vector (curve shown in red) and the
Normal Thoracic vector (curve shown in yellow) over the course of the movement (frame 0 to 70). The
three different graphs display the angles of these vectors in three different planes.

Alpha (YZ Plane/SAGITTAL PLANE)

- plots the angles of the vectors in the YZ plane versus time. In other words, this graph shows how the head
moved forward within the sagittal plane and how the thoracic spine moved forward in this plane during the
flexion/extension movement.

Epsilon (XZ Plane/FRONTAL PLANE)

- plots the angles of the vectors in the XZ plane, This graph shows how the head moved in the transverse
plane (laterally) and how the thoracic spine moved in the transverse plane (laterally) during the flexion/
extension movement.

Theta (XY Plane/CORONAL PLANE)

- plots the angles of the vectors in the XY plane. This graph shows how the head moved in the horizontal
plane (axial rotation) and how the thoracic spine moved in the horizontal plane (axial rotation) during the
flexion/extension movement.

Sample interpretation of graphs:

For the sample patient : The Alpha graph shows that he moved his head to 2 maximum of about 60 degrees
forward at frame 40 and then brought his head about 10 degrees back at frame 70. He moved tus thoracic
spine to a maximum of about 5 degrees forward at frame 40. The Epsilon graph shows that he moved his
head about S degrees laterally during the flexion/extension from frame 25 to 60.; and his thoracic spine
movements laterally were insignificant. The Theta graph shows that the neck and thoracic had insignifi-
cant rotational movement during flexion/extension.

Column 2: Principal Motion is Lateral Bending

This column represents the angles Alpha (YZ Plane), Epsilon (XZ Planc), and Theta (XY Plane) for the
lateral bend movement. For example, for the default parameters the Alpha (YZ Planc) box shows how the
motion of the head (yellow curve ) and the thoracic spine (red curve) in the sagital plane during the lateral
bend movement.

Sample interpretation of graphs:

For the sample patient: The Alpha box shows that he moved his head forward and backward as he per-
formed the lateral bend motion (eg. at frame 65 he has bent his head 10 degrees forward). The Epsilon box
shows that he laterally moved his head to a maximum of 10 degrees to the right (frame 30) and then 10
degrees to the left (frame 60). The Theta box shows that he rotated his head while he moved laterally to a
maximum of 10 degrees at frame 30 and 10 degrees at frame 60.

Column 3: Principal Motion is Axial Rotation - not yet available
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PAGE 3: Relative Angles vs Time

This page of the report shows the same type of information as page 2, except that you now observe the
relatonship between two normal vector angles. In other words, Alpha (YZ Plane) shows the relative
motion of the thoracic and head vectors in the sagittal planc.

Again, looking at the box at the bottom of the screen, we can see that the default normal vectors are those
for the head and the thoracic spine.

PAGE 4: Relative Angle vs Angle

This page combines the curves shown in separate boxes on PAGE THREE, thereby representing the
coupled motion for two given directions in a single box.

FE vs LB for Flex/Ext shows the lateral coupled motion which occurs when bending in the sagittal plane.
FE vs ROT for Flex/Ext shows the rotational coupled motion which occurs when bending in the sagittal
planc. LB vs FE shows the coupled forward or backward motion that occurs when bending laterally, LB
vs ROT shows the rotational coupled motion accompanying lateral bending. ROT vs FE and ROT vs LB
show the coupled flexion/extension and lateral bending which accompanies axial yntation.

Again, the default normal vectors are LEDs 1 and 12,

PAGE 5: Normal Yoctor Position vs Time

This page shows the normal vector position with respect to the x, y, and z coordinates versus time for the
Head, Neck, and Thoracic Vectors. For example, under the first column, in the first box, we see the positon
of the normal vector with respect to the x coordinate.

PAGE 6: Stick Figures

This page displays the motion of all the LEDs at different points in time in the movement from the side, top,
and back. The default frames shown are multiples of 10. This may be changed by going to the section,
"Selcct New Parameters Here." By adjusting the frames displayed, it is possible to view the orientation of
the LEDs for any period of interest.
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E. SELECTING NEW PARAMETERS

As indicated in the previous section, one can change the parameters that are displayed in the report. To
access the menu for changing parameters, click on the box entitled "Select New Parameters Here”. The
following menu will appear: (see appendix for sample of this report page)

LED SETS
HIGH LED
LOW LED
FILT DATA
RESET ALL
FIRST FRAME
LAST FRAME
STEP SIZE
MOVEMENT
ALARM OFF

"LED SETS" box - permits you to change which groups of LEDs are displayed
(pages 2, 3,and 4)

Go to page 2, 3, or 4, of the report.  For these pages the report looks at the motion of the normal vectors of
two groups of LEDs. As discussed earlier, the default groups are the head vectors and the thoracic vectors.
To change these parameters in order to look at other groups, click on "LED SETS". At the bottom of the
screen you will notice a green box displaying the message "Displaying angles for head vs. thoracic (T6)
LEDs." If you click the left mouse button, it will change to head vs. neck. If you click the button again, 1t
will change to neck vs. thoracic. Clicking one more time will bring it back to the default head vs. thoracic,
Use the mouse as described to choose the two groups you would like to see. Now regenerate the screen to
display the graphs for these ncw parameters by clicking on the box for the desired page. For example, to
view page two after changing the parameters, click on the box "Absolute Angles vs Time" and the new
screen will appear.

"HIGH LED" and - permit you to change the LEDs from which the normal vector
"LOW LED" boxes originates (pages 2, 3, and 4)

NOTE: You can view the motion between two vertebrae (ie. intervertebral mobility) by choosing
any two adjacent LEDs!

Go to page 2, 3, or 4. First use the above described method for choosing two groups of LEDs. It is straight-
forward if you wish to choose two LEDs which are from different groups. Examplc: You wish to sce the
LED at C3 versus the LED at T1. Choose "Neck vs Thoracic”. The default for neck versus thoracic 1s C2
versus T6. To change this, click on LOW LED (which cormresponds to the LED that is lower on the exami-
nee's back), and T6 will change to T4, click again and T1 will appear. Click on HIGH LED, and C2 will
change to C3. Regenerate the screen for the new parameters by clicking on the name of the page, for
example, "Absolute Angles vs Time". The re-generated screen will map the motion of the newly selected
LEDs.
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DETERMINING INTERVERTEBRAL MOBILITY

If you wish to compare the motion of any two LEDs along the cervical or thoracic spine, first use the
LED SETS function to choose "Neck vs Thoracic”. For example, suppose that you wish to see the interver-
tebral motion between C4 and CS. Use LED SETS to choose "Neck vs Thoracic”. You will see that the
default for these groups assigns the LEDs at C2 and T6 as the selected LEDs. Click on "LOW LED" and
the T6 changes to T4. Click this again and it changes to T1, continue clicking until you see C5. Now click
on "HIGH LED” and the C2 changes to C3. Click again and C4 appears. Re-generate the screen by
selecting the page name again.

"FILT DATA" box - permits you to display unfiltered or filtered curves (pages 2 to 5)

The default displays show fillered (ie. smoothed) curves. This function allows you to see the curves as
they would appear using raw, or unfiltered, data. You can change the display on pages 2 to 5 in order to
display unfilicred data. This has litde effect for pages displaying angles, since the angles are always
calculated from the smoothed position curves tor the LED data. Clicking on "FILT DATA" will result
in the remarks box at the Hottom of the page stating "Displaying filtered data only”. Click the mouse
button again , and the message will change to "Displaying unfiltercd data only”. A third click will show
the message "Displaying both filtered and unfiltered curves".

"RESET ALL" box - permits you to change all the pages back to the default settings

After you have made changes to some of the parameters, you may wish to return to the default valies.
Simply click on "RESET ALL" and then select the page you want to view. The display will have
returncd to the default parameters. Clicking on "Select new parameters here” will re-enable the param-
eter changes as before,

- permit you to change which part of the movement you view:
(ie. the beginning, the middle, the end, etc.) and how it is
displayed (ie. every 5 frames, every 10 frames, etc.

"FIRST FRAME",
"LAST FRAME", and
"STEP SIZE" boxes

NOTE: These functions allow you to view the standing still position corresponding to frame 0!

Go to the first page, "3D Vector Motion". The remarks box at the bottom of the screen will indicate the
default settings: "Displaying frames 0 to 70 in steps of 10.”. Suppose now that you want to display
only part of the flexion phase of the movement. By looking at the angles on page 2 of the report, you
determine that flexion motion goes from: . say, frame O to frame 25. Now suppose that the part of
flexion that you want to view includes frames 10 to 25. Click on LAST FRAME. Clicking on the
right mouse buttor. will decrease the value of the last frame in increments of 10 frames. Click on the
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VIEWING THE STANDING STILL POSITION

To view the "standing still position”, click on LAST FRAME, and use the mouse buttons to change this
value to 1. Then click on FIRST FRAME and use the mouse buttons to change this value to 0. The step
size need only be greater than or equal to one. Then re-generate the screen by selecting page 1 and you will
see the configuration of the vectors for the standing still position.

"MOVEMENT" box - permits you to change the principal motion that the report is
displaying (all pages)

Go to "MOVEMENT". The green remarks box at the bottom of the screen indicates the default movement,
which is FE (i.e.. flexion/extension). To choose Lateral Bend, click the mouse bottom and the movement
changes to LB. Select any page to display an analysis of the lateral bend movement.

Note: the axial rotation movement will later be added to the above principal motions.

"ALARM OFF" box - permits you to remove the warning that is displayced at the top of
the page

If any LEDs were obscured during the recording session, a message will appear in red at the top of the
screen. It is necessary to interpret with caution any report which has such an error inessage. If you do wish
to proceed with an interpretation, you can switch the message off, so that you can view the full screen agamn.
Click on "ALARM OFF" and the message will disappear.

F. OTHER FUNCTIONS
At the bottom of the menu, there are three other boxes, labelled "HELP", "PRINT SCREEN", and "EXIT",

While you are viewing a particular page, you may have a question about what is being displayed, ctc. You
can click on "HELP" and a brief tutorial will appear for that page.

If you want to print a report, go to the first page that you wish printed, and click on "PRINT SCREEN".
The computer will print whatever currently appears on that screen. To print a full report, for the ume being
you must go to each screen individually and click on "PRINT SCREEN".

Finally, to exit the new cervical report, click on the "EXIT" box. This will return you o the report
selection menu, from where you may select another form of the report, or return to the original Spino-
scope menu.

Note: in the future, an "overlay” function and an "overview” page (ie. occupying the single red and green
menu boxes which are currently empty) are expected to be among the features added to the new cervical
report .
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APPENDIX E:
Term
active movement:

alar ligaments:

analgesic:

analtagic position:

annulus fibrosis:
anterior:
anthropo-dynamic
model:

anthropomorphic
tables:

atlas:
atlanto/axial/
occipital:
avulsion:

axis:

bi-planar

radiographs:

caudad:

cephalad:

cervical (cervico):

cervical plexus:

GLOSSARY OF CLINICAL TERMS?

Definition

without assistance

one of two strong bands which extend from the
odontoid process to attach to the occiput

an agent which reduces pain

position which reduces pain

peripheral part of an intervertebral disc
pertaining to the front of a body

into  account

which takes

analytical model

physiological quantities

comparative measurements of the human body =nd its parts

the first cervical vertebra

pertaining to the joint between the head and neck
forcible separation of two parts

second cervical vertebra

radiographs which combine information
projections onto two orthogonal planes

in a direction towards the tail

in a direction towards the head

relating to the neck (vertebrae 1 to 7)

related to the first four cervical nerves

known

from

See also Appendix A for illustrations of the major cervical anatomy and muscles, as well

as figure 1.3.1 for an overview of the spine and the planes of physiological motion.



cineradiography:

collagen:

compression:
contralateral:
coronal:
distensibility:
dorsal:

dura (mater):

dysphagia:
edema:
erector spinae:

etiology:

extrafusal fibers:

extension:
facets:

flexion:
gluteus:

grey matter:
hemorrhage
(haemorrhage):
hypermobility:
hypomobility:
iliocostalis:
intersegmental
mobility:
intramedullary

fissure:

intervertebral disc:
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consecutive radiographs viewed as moving pictures
class of scleroproteins occurring in bone and cartilage, forming
ground substance or fibers of connective tissue
being pressed together into a narrower space
relating to the opposite side
frontal
ability to stretch or enlarge
pertaining to the back
tough, fibrous membrane forming outer envelope of the brain and
spinal cord
difficulty in swallowing
accumulation of fluid in tissue
erector muscle which runs along the back of the entire spine
study of cause of disease and mode of operation
external to muscle spindle fibers
straightening out of a joint or set of joints
indentation in vertebral body for attaching cartilage
the act of bending
the buttock

connections between ganglion and trunks of spinal nerves

bleeding
excessive mobility of an abnormal kind
state in which the mobility is reduced

lateral column of sacrospinalis muscle

relative movement between center points of two adjacent vertebrae

furrow within the spinal cord

connective bond between adjacent vertebrae




intrafusal:

in-vitro:

in-vivo:

ipsilateral:
ischemia(ischaemia):
isometric tension:
kyphosis:

lateral bending:
levator scapulae

muscle:

ligamentum flavum:
longissimus:
longitudinal

ligaments:

lordosis:
lumbar:
luxation:
medial:

motion segment:

myelopathy:
myelography:

muscle fibril:
necrosis:

neutral position:
occipital (occipetal):
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relating to muscle spindle

pertaining tc non-living tissue

related to tissue within a living organism

occurring or located on the same side

local anemia due to mechanical obstruction of the blood supply
maintained muscle tension not resulting in movement

forward curvature of the spine

flexion to either side

arises from upper four cervical transverse processes and inserts into
the scapula
yellow elastic ligaments which bind the vertebral laminae together

forms the medial column of the sacrospinalis muscle

broad bands of fibers which extend along the anterior and posterior
surfaces of the vertebral bodies

backward curvature of the spine

lower back (lowest 5 movable vertebrae of the spine)

dislocation

pertaining to the middle

any two adjacent vertebrae and the disk or ligamentous tissue
joining them together

disturbance or disease of the spinal cord

injection of contrast material to show the spinal cord in radiographs
or CT scans

fine muscle fiber

death of a portion of tissue

neither in flexion or extension

relating to the back part of the skull or head



odontoid process
(dens):

osteoarthritis:
0steoporosis:

osteophyte:

Pacinian receptors:

paresis:

passive movement:

periarticular:
posterior:

radicular branches

of pia dura (mater):

rotation;

Ruffini receptors:

sacrospinalis muscle:

sagittal:

spinal canal:
spinalis:

Spinous processes:
splenius muscle:
spondylitic

myelopathy:

spondylosis:
spondylolisthesis:
spondylolysis:
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tooth shaped protrusion of the axis running through the center of
the atlas and up to the occiput (see fig 1.3.7)

chronic arthritis of a degenerative type

rarefaction of bone due to loss of calcium associated with aging
bone spurs resulting from increased contact betwcen adjacent
surfaces following disk degeneration

laminated corpuscles involved in sensing pressure

temporary or permanent paralysis

not produced by the active effort of the individual

about a joint

pertaining to the rear

the root of the membrane of connective tissue which sheaths blood
vessels entering the nervous system

the act of turning about an axis

nerve endings in the skin associated with sensing heat

extensor of the vertebral column

from the side

conduit within the spinal column for the spinal cord and fluid
medial part of sacrospinalis muscle

bony protrusions occurring posterior to the vertebrae

see figure 1.4.2

spurs in the midline over the posterior aspect of interve ‘tebral
space, resulting in encroachment on contents of spinal canal

and cord compression

inflammation of the spine

forward displacement of one vertebrae upon the one below

breaking down of a vertebra



spondylitic
radiculopathy:

stereophotographs:
sternocleidomastoid:
subluxation:

sulcal vertebral

artery:

supraspinal ligament:
sympathetic nervous
system:

terminal vessels:
thoracic (thoraco):
tinnitus:

translation:

transverse ligament:

trapezius:

transverse processes:
unciform processes:
ventral:

vertebral end

plate avulsion:
vertebra prominens:
vestibulocollic
reflex:

whiplash:

zygapophyseal:
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laterally or posterolaterally directed osteophytes, causing irritation
of nerve root in invertebral foramen

combining 2D pictures in an optical device to simulate a 3D effect
see figures 1.4.1 and 1.4.2

incomplete dislocation

superior aspect of posterior arch of atlas that transmits vertebral
artery medially toward foramen magnum

series of fibrous bands connecting the tips of the spinous processes

autonomic system associated with involuntary muscle activity
relating to the extremity of the artery

referring to the chest or middle portion of the spine

ringing in the ears

displacement in any direction without rotation

strong band passing behind the odontoid process and attached on
each side to the atlas

large flat muscle of the back inserting into upper border of scapula
bony protrusion extending from the sides of the vertebrae
smooth surface of bone which articulate with adjacent vertebrae

pertaining to the front

tearing away or forcible separation of vertebral end plate

the easily locatable spinous process of the seventh cervical vertebra

reflex relating head movement with the vestibular senses
a sudden backward snapping of the head and neck followed by
forward recoil

relaung to articular process of vertebra




First
cervical
vertebra
(atlas)
from

the top.

Second
cervical
vertebra
(axis)
from the
side.

Typical
cervical
vertebra
from the
top.

Typical
cervical
vertebra
from the
side.

Fig E.l: The cervical vertebrae, Adapted from Van Dyke Carter (1973).135
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