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Men’s eyes were made to look, and let them gaze;
W. Shakespeare. Romeo and Juliet, Act III, scene I, 59. The Oxford Shakespeare, 1914
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Foreword

The present work started with a diagnostic challenge several years ago. At that
time, I was a resident and had begun my training in ophthalmology several months
earlier. On my side of the ward a young woman had been admitted with severe,
malignant Graves’ orbitopathy. She had previously undergone orbital
decompression surgery twice to prevent blindness from optic neuropathy.
Although her clinical picture had improved as a result of surgery, she suffered from
a depressed mood due to her extreme chronic diplopia, which was aggravated by
concurrent myasthenia gravis. Even though several attempts were made to correct
her diplopia surgically, it remained resistant to therapy. Computed tomography and
magnetic resonance imaging showed increased extraocular muscle diameters, but
no other abnormalities. A non-invasive method seemed called for to measure the
motion of the tissue in her orbit, since an invasive procedure carried a too large
risk of inducing more scar tissue and increasing ocular misalignment.

By then, I was working in ophthalmology exclusively and was starting to feel
estranged from computer science. I had experienced the opposite feeling several
years earlier, when I had been working in information technology, and had missed
medicine at that time. In the hope of finally having found a subject where I could
combine two fields, imaging science and ophthalmology (not necessarily in that
order), I took up the challenge. M.Ph. Mourits, MD, PhD, then my supervisor,
concurred with me that it might be interesting. When he asked me whether it
would take a long time to develop such a method, I replied that given my
considerable experience as an IT consultant, I expected to have it working within a
few months.

Naturally, it took a little bit longer. Now, after more than six years, I am ready,
and this thesis is the result.
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Introduction

The introduction briefly describes the orbit for readers unfamiliar with ophthalmology: outlining what
the orbit is, what it does and what the most important consequences of orbital diseases may be. Next,
the introduction explains how motion can be imaged, measured, and visualized for readers unfamiliar
with image processing. Finally, it contends why it is important that motion in the orbit is measured
objectively.

1. THE ORBIT

The orbit is the bony socket of the eye [1]. It forms part of the skull and protects
and surrounds the eyeball (or globe) and its supporting tissues. The tissues in the
orbit function as a flexible seat for the globe so that it can be rotated by the
extraocular muscles and be kept in a stable position precluding luxation
(dislocation) [53]. The orbit contains the six muscles that rotate the globe in order
to gaze [156]. These are called extraocular muscles by ophthalmologists since they
are outside the eye. The orbit contains the optic nerve that is the pathway from the
retina to the visual cortex and vice-versa, and also the neurovascular tissues that
innervate and nurture the eye and its surrounding structures [10;55]. Between these
structures lies a fatty tissue, which has been found to contain an intricate network
of connective tissue [94].

2. GAZING

In order to gaze, the extraocular muscles rotate the eyes. The space in the orbit is
fixed and limited by the bony walls of the orbit. This implies that all other
structures in the orbit need to move and deform when the eye is gazed [156]. For
example, during upgaze the globe rotates upward, the optic nerve at the back of the
globe rotates downward and the fatty tissue is deformed and pushed or pulled
sideways [96]. I write ‘pushed or pulled’ on purpose, since it is actually not known
whether the fatty tissue is pushed by the optic nerve that is moving down, or pulled
by the fibromuscular attachments to the muscle [141]. The rotation of the eyelids
over the eyeball is semi-dependent on gaze position. Connective tissues such as the
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Figure 1. Disfiguring effect of Graves’ orbitopathy. la. (left): before Graves’. 1b (right):
9 months later, with active orbitopathy. The patient suffers from proptosis, slight
exophoria (outward turning) of the right eye, eyelid retraction and upper eyelid
thickening. This leads to von Graefe’s sign (startled appearance). Reproduced with
permission.

Whitnall and Lockwood ligaments subtly interact with the extraocular muscles
[64]. The motion and deformation of the orbital fat and the optic nerve are related
in a non-linear manner to the movement of the muscles and the globe. Thus, even a
simple monocular upgaze is the result of the complex interaction of more than ten
orbital structures.

The point is that during gaze all tissues in the orbit move and deform
interdependently. The description of changes in spatial relationships of orbital
tissues as a function of gaze is called functional anatomy of the orbit [113].

3. ORBITAL DISEASES

The two main functions of the tissues in the orbit are to enable the eye to gaze and
at the same time keep the globe in a stable position. In diseases of the orbit, one or
both of these functions may become impaired. If gaze is impaired, diplopia (double
vision) and other ocular motility disturbances can result. If the stable position is
impaired, proptosis may result, a condition in which the globes protrude. The
globe can also retract, a condition called enophthalmos that will not be discussed
further. Only in rare cases of extreme proptosis do the globes actually luxate [40].
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The study and treatment of diseases of the tissues in the orbit is called
orbitology [128;129].

The most common orbital disorder in adults is Graves’ orbitopathy, a disease
related to hyper- or hypothyroidism, in which the orbital tissues become inflamed
[73;128]. The incidence is approximately 0.4% in the general population, and the
female to male ratio is approximately 7-10:1. It can cause swelling and fibrosis of
the extraocular muscles and the intraorbital fat [83;136;137]. This can lead to
problems with gaze and diplopia on one hand, and proptosis on the other hand
[48;57;157]. See Figure 1 for the disastrous consequences this may have on the
face.

Disfiguring proptosis can be treated effectively by decompression surgery
[118;129;137]. Decompression surgery itself may postoperatively give rise to
ocular motility disturbances for yet unknown reasons
[49;56;70;87;88;105;110;121;122;130;132;151]. Apart from Graves’ orbitopathy,
other space-occupying lesions may also found in the orbit. Most of these usually
also impair either one or both functions of the orbital tissues and may thus give
rise to diplopia, proptosis or both.

Unrelated to orbital diseases per se, the anophthalmic socket can also be
thought of as a disorder of the orbit. The anophthalmic socket is the result of
enucleation, a procedure in which the globe is removed from the orbit for a variety
of ocular disorders, such as malignant tumor, trauma, or infection. After
enucleation, an implant is placed in the orbit to improve cosmesis and the motility
of the prosthesis (the “glass eye”) [10;36;142]. In some instances, persistent
intractable pain may arise in the anophthalmic orbit, sometimes years after
enucleation. This is pain which is thought to be rare and for which, so far, no cause
has been found [67;133].

The surgery and management of the above disorders of the orbit may
eventually benefit if the motion can be measured objectively, either by elucidating
their biomechanical mechanisms, assisting in their diagnosis, or both.

It is relatively easy to measure the motion of the eye as a function of gaze,
since the eyes are easily observed visually [163] and their motion is readily
accessible for inspection. The study of the motion of the eyes is called orthoptie
(orthoptics) in The Netherlands and, typically, strabology in the United States and
elsewhere [156]. The motion can be measured more objectively using coils
implanted in the sclera [155]. However, the motion of the orbital tissues behind the
globe is effectively hidden from view by the orbit, the eye and the eyelids, so that
it is very difficult to measure in vivo. Attempting to measure motion objectively by
introducing instruments or other devices into the orbit is not yet an option. The risk
of damaging the optic nerve and consequently causing blindness is simply too
large. Additionally, such instruments may influence the very motion they are
supposed to measure.

In this thesis, I propose an alternative, namely, to measure the motion first by
imaging it and then by using image analysis techniques to measure the motion
objectively.
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4. IMAGING TISSUE MOTION

A suitable medical imaging device constructs an image, or a series of images, from
some regionally varying physical property or properties of the tissues. An image is
an ordered set (usually, but not necessarily, on a regular grid) of vectors, where
each of the vectors represent the magnitude of one or more of the measured
physical properties. The term modality is used to discriminate different imaging
techniques as to the physical property they image. Computed tomography (CT) is a
modality in which the image is constructed from radio-opacities of tissues,
magnetic resonance imaging (MRI) is a modality in which the image is constructed
from the durations of time the nuclear spins in tissues need to realign themselves,
etc.

Every modality has its own advantages and disadvantages, which influence its
usefulness to image tissue motion and the choice of the method to quantify the
motion. The most attractive modalities to image tissue motion are CT, MRI and
ultrasound. CT has high resolution and excellent bone detection, but is limited by
its high radiation load and lower intra tissue contrast. Ultrasound is flexible, since
the patient does not need to be inside a scanner, but limited not only by the
requirement for skilled operators, but also because ultrasound cannot penetrate the
deeper regions of the orbit at acceptable ultrasound levels in the retina. MRI has
the advantage of high soft tissue contrast, large imaging depth (depending on the
type of coil) and the absence of radiation load; however, image acquisition is
usually slower than CT scanning, commonly on the order of minutes. Subjects
need to fixate during this period and are not allowed to blink [31;41].

To overcome such disadvantages and to be able to use MRI effectively for
imaging tissue motion in a clinical setting, a new fast cinematic (see below) MRI
protocol was developed for this study, which allows the acquisition of high
resolution images or volumes within 6 to 16 seconds [6;146]. This protocol is
described extensively in Chapter 3.

Though MRI and CT can image real-time motion (called dynamic MRI
respectively CT) in the heart, they are at present too slow to image real-time
motion in the comparatively small orbit at acceptable resolution [41]. This implies
that motion imaging usually requires some sort of cine (from cinematic)
acquisition. In this type of acquisition, the tissues are allowed to move over the full
range of motion with small increments. After every increment (stop), a new image
is acquired (shoot). The result is a sequence of images, which together describe the
motion of the tissues. The motion is then made visible by rapid replay of the stop-
shoot sequence as a movie.

The difference between dynamic and cine acquisition is relative, not absolute,
since in the limit where the time increments are very small, cine acquisition is the
same as dynamic acquisition. The term cine derives from cinematic; the stop-shoot
technique is comparable to cartoon animation. Orbital cine imaging techniques as
used by various researchers are covered in detail in Chapter 2. The next section
gives a brief overview of some of the results obtained by orbital cine imaging.
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5. MOTION IMAGING STUDIES OF THE ORBIT

The study of the functional anatomy of the orbit has developed into an active area
of research [41] around 1989, when MR imaging techniques became widely
available [103]. Chapter 2 is a review of the state of the art of this field in 1997. It
covers the new information that had by then become available on the role of
connective tissue in determining rectus muscle paths [113;116], oblique muscle
paths [42], the role of connective tissue ligaments in eyelid motion [69], the
deformation of orbital fat [96], and the optic nerve path [141]. Ocular muscle
disturbances had been imaged [13;27;85;135;146], including the strabismus
associated with Graves’ orbitopathy [14], high myopia [95] and orbital floor
fractures [150]. The motion in the anophthalmic socket had also been studied [65].

It is important to understand that cine imaging by itself can image, but not
measure motion. Visual inspection, however informative, is subjective, and has
limitations with respect to intra- and inter-observer variability, absolute
measurements and correlation with disease parameters. Motion imaging techniques
will become more useful if objective measurements of motion can be made. For
example, if an ocular muscle disturbance is characterized by a decrease in
abduction of y degrees and objective motion measurement shows a decrease of
motion of x millimeters per degree of gaze, x and y can be correlated with each
other. The next section will describe approaches to measure motion of tissues
objectively.

6. MEASURING TISSUE MOTION

Before discussing how tissue motion can be measured from images, it is important
to define it. Image motion can be defined as a vector field that describes a mapping
from the image at one moment in time to the image at another moment in time.
The mapping it defines, and by extension the motion field itself, can be classified
as being of the rigid, affine, projective, elastic or fluid type [154]. These types are
consecutively less constrained.

Global, rigid motion constrains the mapping to be a combination of global
translations and rotations only. Affine motion additionally allows a deforming
mapping, constraining the deformation so that parallel lines map onto parallel lines
(thus, shearing and scaling are allowed). Projective motion constrains the
deformation so that straight lines map onto straight lines. Finally, elastic motion
constrains the deformation to preserve continuity, so that lines map onto curved
lines. In fluid motion, the continuity constraint is also removed, so that lines can
map onto any point(s). Each motion type can itself be classified as being global or
local (piecewise), where local means that the above types apply to regions of the
image instead of the whole image. In this thesis, the term “tissue motion” is used
to denote local elastic motion.

Imaging science offers a number of approaches to measure motion objectively
from image time sequences [71;152]. Many approaches to determine motion were
originally based on theoretical research of the neurophysiology of vision [77;91].
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The first medical applications of image motion analysis were in cardiology, in
order to determine ventricular wall motion [62]. Image analysis methods to
determine motion can be classified into two general categories: retrospective and
prospective. Retrospective methods quantify motion from image or volume
sequences, without special constraints on acquisition. Examples are feature
matching, correlation and gradient optical flow methods. Prospective methods
quantify motion using special acquisition techniques, for example landmark
tracking and cine Phase Contrast MRI (PC-MRI).

& Feature or token matching methods define motion as the shift that yields the
best fit of image features at different times [28;106;149]. Different feature
detectors have been used to localize boundaries, corners or features that are
more complex. After a feature has been localized, the motion is estimated as
the best match of the feature in the next image in the sequence by maximizing
a similarity measure such as the normalized cross-correlation or minimizing a
distance measure, such as the sum of squared difference. A disadvantage of
feature matching applied to tissue motion is that tissue boundaries but not the
tissues themselves can be tracked. In the orbit many tissue features are present
in a small space, which compounds this problem and gives rise to the
correspondence problem of ambiguous potential matches.

¢ Region matching methods define motion as the shift that yields the best fit
between image regions at different times [24;97]. The best match of a region
is found using the same methods as in feature matching methods. Region
matching is computationally more expensive than feature matching. In
addition, region matching will usually obtain a motion field similar to that
found using feature-matching methods, since region cross-correlation is often
the highest around image features.

¢ Landmark tracking involves implanted or induced landmarks. Surgically
implanted radio-opaque landmarks can be imaged by CT, and the motion of
the landmarks can then be used to measure motion [80]. Implanting landmarks
in the orbit is not attractive, since this would entail a serious risk to the optic
nerve and may influence the very motion it is meant to measure. Induced
landmark methods, known as MR-tagging, involve changing the gradient over
tissues in a regular way during image acquisition [164]. The grid formed by
these tags is sparse in comparison to the size of the orbit with currently
available tagging methods. Therefore, only a few tags cover the orbit and only
rough estimates of motion are possible.

¢ Cine Phase Contrast (PC) MRI [15;123] employs the phase changes of the
MR signal due to tissue motion. It is well suited to determine relatively
regular and large motion fields. It is less suited to determine non-translational
motion, especially the combination of translation, rotational and shear motion
fields that occur in the orbit.
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& Differential or gradient optical flow methods use changes of intensity or of
intensity phase that are the result of motion [19;20;78]. In principle, spatial
characteristics of the image, such as features, are disregarded. Complex
motion interactions can be measured at a smaller scale than is possible with
MR-tagging. A disadvantage of optical flow methods is that certain
constraints (typically regularity assumptions) need to be placed on the motion
for accurate estimation.

The present work elaborates on optical flow methods. The next section introduces
optical flow and its potential to measure tissue motion.

7. OPTICAL FLOW COMPUTATION OF MOTION

In theoretical neurophysiology, optical (or optic) flow' processing is the term for
the physiological process by which stereopsis and motion are derived from the
different images that impinge on the retina of both eyes, respectively from the
changing image that impinges on the retina of a single eye [79;89]. The term was
first proposed by Gibson in 1950 [66]. In animals, estimation of optical flow
occurs both in the retina and in the cortex (in hominoids predominantly in medial
temporal and medial superior temporal cortex). Physiologically, estimation of
optical flow is usually thought to be the equivalent of the computation of spatial
and temporal derivatives of image intensity or phase [89;107].

In image processing literature, optical flow processing is defined as the
computation of the optical flow field. Central to optical flow computation is the
notion that the intensity of image regions remains approximately constant during
motion. This notion is called the Optical Flow Constraint Equation [20;78] and can
be expressed mathematically as:

DIx,r0w I(x,0F 0 (1

with I(x,z) the image intensity at location x and time #, v the optical flow field
[66], UI(x,t) the spatial intensity gradient (the first order derivative), and /,(x,¢) the
partial derivative of /(x,¢) with respect to time.

This equation is under-determined (note that it has two unknowns, the x- and
y-components of the vector v in the two-dimensional case), so that v cannot be
determined. Therefore, most optical flow methods employ a two-stage system to
solve the resulting system. This may represent an analogy to the mammalian visual
system [39;79]. In the first stage, possibly analogous to processing in the retina
and early visual cortex [58;86], the spatio-temporal patterns in the image sequence
are decomposed into components or primitives on the basis of the optical flow
constraint equation [20]. The methods then differ in the way they place additional
constraints on the optical flow field in a second stage [19;76;78;101;138;149;153],
which may be analogous to post-retinal or cortical processing [54]. The standard
OFCE takes into account only a single scale at which v is computed; the estimate

! The term optical flow as opposed to optic flow is used because it is the more common (www.google.com: 13100 hits
for “optical flow” versus 4400 hits for “optic flow” on July 4, 2001).
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for v can be much improved by generalizing the OFCE using a scale-space
approach [120].

Optical flow methods have been extensively evaluated using natural image
sequences acquired by optical means, i.e. with image intensities constructed from
the reflections of light from a motion scene [19]. Natural image sequences on one,
and sequences obtained by CT, ultrasound or MR (called medical image
sequences in the present work) on the other hand, are usually treated as equivalent.
This explains the use of optical flow computation methods to estimate the motion
field from radiological image sequences [11;18;47;51;62;104;120;165]. To my
knowledge however, the validity of this equivalence has not been well studied. It is
important to stress that the intensities in medical motion image sequences are
acquired by a very different physical mechanism than in natural light reflection
images. For example, in T1 MR imaging, the image intensities reflect the average
time needed for the spins of the nuclei in a small three-dimensional tissue region
(known as voxel) to return to equilibrium after a radiofrequency pulse. Subtle
problems may be introduced if the difference between the images acquired with
different modalities is not acknowledged, such as the anisotropic phase effect of
the orientation of the tissue relative to the gradient of the MR field. This is caused
by RF coil inhomogeneity and susceptibility artifacts. Additionally, medical image
intensities are discrete samples out of a continuous 3D space, so that partial
volume effects and other effects of the sampling method also influence the image.
The issue is elaborated in Chapters 4 and 5.

Most optical flow methods are limited to two dimensions. This is logical since
the images on our retinas are two-dimensional. Nevertheless, tissue motion is
three-dimensional, so it may therefore be preferable to estimate the optical flow in
three dimensions also [72;144]. For the present work, a fast cine MRI protocol has
been developed to acquire sequences of three-dimensional volumes with
acceptable fixation times (15.6s). The motion in these volume sequences can be
measured with a newly developed three-dimensional gradient optical flow
algorithm. The objective measurement of three-dimensional orbital tissue motion
is studied in Chapter 5.

8. VISUALIZATION OF MOTION

Objective measurement of motion by optical flow results in optical flow fields.
Particularly if 3-D optical flow is measured, the computations result in huge
numbers of motion vectors, in the orbit on the order of 150K vectors per
measurement. In order to understand the relation of the motion of tissues to each
other, the fields have to be visualized, preferably in combination with the
underlying anatomical tissues. In other words, both form and function are to be
visualized in an image, preferably multimodal.

There is extensive literature on the visualization of the two- and three-
dimensional motion of fluids and gases. The first to visualize two- and three-
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Figure 2. Water Formations (RL12660 verso, ca. 1507-1509) by L. da Vinci. (Center)
Three-dimensional visualization of the vortices in a through, and (fop) water rushing past
a board in a stream. (inset) visualization of the two-dimensional flow in a riverbed: the
first hedgehog plot! The Royal Collection © 2001, Her Majesty Queen Elizabeth II.
Reprinted with permission.

dimensional fluid motion was Leonardo da Vinci, who, around 1500, used wood
shavings floating in water to sketch the two-dimensional flow of water in a river
bed and the three-dimensional vortices created by water falling from a square
spout into a round trough. See Figure 2.

Since then, many approaches to visualize the dynamic behavior of fluids and
gases have been developed [109;162].

Two-dimensional flow fields can be displayed using either glyphs or textures.
Glyphs are small graphical icons [19] displayed on a sparse grid. If the glyphs are
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arrows, the visualization is known as a hedgehog plot. Glyphs are effective if the
local direction of the flow is more important than global aspects such as the
presence of shear or vortices. Complex flow is difficult to visualize, because the
grid is sparse and one glyph may occlude another, if the flow magnitude is not
normalized. Also, either the average flow over a large region can be displayed, or
the specific flow at only a limited number of locations. Textures, such as
streamlines (as in Figures 2a and 2b), spotnoise and line integral convolution
[25;161] visualize the trajectory of the flow in the form of a texture convoluted by
the direction of the flow. The grid is denser so that global aspects are more
effectively displayed, but individual flow vectors are lost. For two-dimensional
techniques, additional flow properties can be displayed in the form of color. The
visualization of flow fields using a combination of textures and colored glyphs is
studied in Chapter 4.

The visualization of three-dimensional flow is more difficult, since it involves
the projection of the three-dimensional motion vectors from a three-dimensional
space onto a two-dimensional plane. A large amount of condensation is required
for this dimension reduction, especially if the underlying anatomical data also need
to be displayed.

Approaches that have been published include glyphs, streamlines in the form
of three-dimensional line integral convolution [109], streamballs [23] and particles
[37;160]. Since glyphs easily overlap and hide each other, they are most useful to
study the flow near boundary surfaces [109]. Banks [17] used monochromatic
glyphs in the form of artificial fur and volume rendered these combined with the
underlying static image to show the advection of hot air around a sphere. For this
technique to be effective, the flow near the surface needs to be regular, or the fur
will easily become disoriented. Streamlines, streamballs and particles require
regular flow fields for the visualization to be effective. These last methods are less
suitable if the nature of the flow field has not yet been established [109].

Research on the visualization of non-rigid, elastic motion is almost non-
existent. This is understandable, since two, apparently mutually exclusive, goals
need to be met. Because elastic motion (e.g. in the orbit) is complex, one wants to
see dense motion fields. However, dense motion fields cause occlusion of details
that are more distant and lack depth hints. This precludes the appreciation of the
relationship of the motion of different tissues to each other and to the underlying
anatomy.

In art however, visualizing the elastic motion of animate and non-animate
objects has been a legitimate subject since the 1880’s. In fact, the Futurists saw it
as the only valid subject of painting, embracing it in 1915 as the ultimate art form
in their Riconstruzione Futurista dell' Universo [16]. The painting (Figure 3) by
Umberto Boccione, one of the Futurists, exemplifies his attempt to visualize three-
dimensional motion using colored glyphs that form textures.
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Figure 3. The City Rises (1910). Painting by Umberto Boccione, Museum of Modern Art,
New York. Mrs. Simon Guggenheim Fund. Oil on canvas, 6°6%2”x9’10%2.” Photograph ©
2001, The Museum of Modern Art, New York. Reprinted with permission.

Chapter 5 introduces a new method, the rendering of scintillations of the
visualization of non-rigid, elastic, three-dimensional motion that elaborates on the
work as discussed above and techniques of the type used in this painting. The
effectiveness of scintillations was studied for visualizing the motion of the
connective tissue around the optic nerve.

9. DESCRIPTION OF THE THESIS

The research questions, as sketched in the Foreword, were whether a non-invasive
technique for the objective measurement of orbital tissue motion can be developed,
and if so, whether such a technique might be clinically useful in orbital disorders,
including the diplopia that may occur after orbital decompression surgery.

Reflection leads to the following imaging science questions:

¢ how can the motion in the orbit be imaged using MR in a way that is
acceptable both to the patient, i.e., as fast and comfortably as possible, and to
the motion analysis algorithms, i.e., as precisely as possible (Chapter 3).
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can the two- and three-dimensional motion of tissues in the orbit be measured
objectively from cine MR images (Chapters 4 and 5),

what is the reliability of these measurements and are they adequate for clinical
purposes (Chapters 4 and 5),

which two-dimensional optical flow algorithm is the most suitable for this task
(Chapter 4),

can the most suitable optical flow measurement be extended to three
dimensions (Chapter 5), and

can two- and three-dimensional tissue motion be effectively visualized
combined with the underlying anatomy using a combination of glyphs and
texture rendering (Chapters 4 and 5)?

and the following ophthalmologic questions:

@

what was the state of the art of the functional anatomy of the orbit in 1997 -
when this study was started,

can two- and three-dimensional tissue motion be measured in healthy subjects
(Chapter 6),

is motion measurement clinically useful to localize specific types of orbital
tumors (Chapter 6),

is motion measurement clinically useful for studying the mechanism of
persistent intractable pain after enucleation (Chapter 7),

what is the effect of decompression surgery for Graves’ orbitopathy on tissue
motion and muscle paths (Chapter 8), and

what is the mechanism of ocular motility disturbances caused by
decompression surgery (Chapter 8)?

The General Discussion at the end of this thesis summarizes the findings and

puts them in perspective.

All patients and subjects were treated in accordance with the tenets of the

Declaration of Helsinki. The research protocol for all studies and the informed
consent form used in the studies in Chapters 3-8 were approved by the Institutional
Review Board of the University Medical Center Utrecht (97/113). All patients
gave prior written informed consent after the nature of the study had been
explained.
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Functional anatomy studies of the orbit

Presented in part at the Seventh International Skull Base Society Meeting, Rotterdam, the Netherlands,
January 1999.

1. INTRODUCTION

Functional anatomy of the orbit is the branch of science that describes the changes
in spatial relationships between orbital tissues as a function of gaze [41;113]. For a
description of the static anatomy I refer to the appropriate texts [53;55;55;64;93].
New imaging techniques, including cinematic, dynamic and functional MRI have
become available recently [103]. They allow visualization of the macroscopic
functional anatomy of the orbit in vivo in a manner previously impossible. The
purpose of this chapter is to give an overview of the insights these new techniques
have allowed. The various imaging methods will be introduced first, followed by a
review of the results and implications thereof for the normal functional anatomy.
Finally, the implications of pathologic changes in functional anatomy will be
discussed.

2. IMAGING TECHNIQUES

In-vivo, functional anatomy can be studied in humans with non-invasive, imaging,
modeling and invasive methods. The advantages of the first two over invasive
methods are that they are more acceptable to patients, carry less risk to visual
function and do not interfere with orbital motion. Non-invasive methods include
orthoptic examination and monocular duction measurements [119;156]. These
methods are able to show abnormal rotation of an eye. However, it is difficult to
interpret such results in terms of etiology because changes in different orbital
structures may result in the same type of restriction. Modeling methods deserve
mention because they have been helpful in the interpretation of imaging studies
and may open new avenues for research [117]. Only imaging methods will be
discussed in the remainder of this chapter.
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Abramoff[1997| 15| Phil 1.5T| head| 6.9 12| 0:06 3x1.5x1.5| m|11t-10s| a| ao|Enucleation: tissue velocities
Abramoff{1998( 18| Phil 1.5T| head| 6.9 12| 0:06 3x1.5x1.5 m({11t-10s| a| ah| optic nerve: motion path|
Bailey|1993|36( ? (FISP) ? ?| ?l  0:15 ?l m| 6t-6s| -| - pilot
Bailey|1996| 25| Siemens? ?) ?) ?(  0:15 ?l m -l - Graves: muscle shape
Bloom(1991| 2 0.4T| head ?) ?) ? 5x?x?| ?| 3t-3t| -|mc Duane: rectus path
Bloom(1993| 9| GE 1.5T| neck| ?) ?l  1:40 ?l m 5t - - Rectus palsy: O diameter
Cadera|1992| 1| GE 1.5T| ?) ?| ?|  1:40 3x2x2| m 3t -| -| Duane: rectus cocontraction|
Cadera|1994| 0?|Signa 0.5T| neck| ?) ?l  2:08] ?2x? - d - - dynamic MRI feasibility|
Clark|1997( 13|Signa 1.5T|surface| 15| 550 3:38|2.5-3x0.39x0.52| m| 3x3c| m|mc pulley: position
Clark|1998( 17| GE 1.5T|surface|15-30({300-817 2.5-3x0.39x0.52[ m| 3s| -|ms SO palsy: rectus path
Demer|1994( 14(Signa 1.5T|surface| 15 550| 3:38[2.5-3x0.39x0.52| m| 3s-3t| -|ms] Rectus palsy: Odiameter
Demer|1995|35| GE 1.5T|surface|15-30|300-817| 2.5-3x0.39x0.39 m| 8c| -|ms SO palsy: MR path|
Demer|1996| 2| GE 1.5T|surface|15-30|300-817| 2.5-3x0.39x0.52| m| 3x3c¢| -|ms rectus path / pulleys|
Goldberg|1992| 3| GE 1.5T|surface| 25| 300 2:38 3x0.16x0.16| m| 3s| - - upper eyelid: kinematics
Goldberg[1994| 5| GE 1.5T|surface| 25| 300/ 2:38 3x0.16x0.16) m 3s| -|me lower eyelid: kinematics|
Jaeger[1997| 6| Siem 1.5T| head| 2.2 4.5|0:00:02 5x2.5x1.95 - d - - dynamic MRI feasibility|
Jewell|1995| 33| Siem 1.5T| head 7 17| 0:15 4x?x?| m| 3s-3t| -| - pilot
Krzizok|1997| 37| Siem 1.5T| head| 15|140-200| 0:50 3x1.3x0.8| m[ 3s-3t| -|mp High myopia: rectus path
Lasudry[1990| 4| GE 1.5T|surface| 25 300 2:18 3x0.31x0.31| m| 4s| -|mt intraconal fat: volume shiff]
Mehta|1994| 2| GE 1.5T|surface(15-30|300-817 2.5-3x0.39x0.52| m| 3x3c¢| -[ms| SO myokymia: Odiameter|
Miller[1989| 4 0.5T|surface| 1.5 100 ? 3x1.2x1.2| m{ 3x3c| -|ms rectus path|
Miller[1993| 5 0.5T|surface| 1.5 100[ 3:38 3x1.2x1.2| m{ 3x3c| -|ms rectus path|
Scheiber|1997| 20| Bruk 2.0T| head| 17| 600 0:20 3x1.0x1.3[ o] 154 - A pilot optic fiber fixation
Shin|1996| 4| GE 1.5T|surface| 1.5 100 3:38 3x1.2x1.2| m{ 3x3c| - - Complicated strabismus|
Smiddy[1989| 1 ?| head ?) ?| ? 2l m 2t - - optic nerve: path
Totsuka|1996( 19 1.5T|surface| 19 180| 0:37 4x1.5x1.5 m 7s| - - orbital fracture: IR path

Table 1. Overview of published cinematic MRI studies up to 1997. 1) Number of patients
2) Fixation time in min:sec:ms per gaze position. 3) Patient fixation method: - = none, m
= marks on inside of scanner bore, o = fixation lights using optic fibers or similar. 4)
Number of fixation positions: t = in horizontal plane, s = in vertical plane, ¢ = cardinal
positions, d = dynamic study. 5) Registration of sequences: - = none, m = manual, a =
automated. 6) Quantification: - = none, m = manually: mc = centroid of muscle
boundary, ms = muscle cross-section, mp = muscle path position, mt = 2D tissue surface,
automated: ao = automatic optical flow, ah = heuristic segmentation. Phil = Philips
Medical Systems, Best, the Netherlands. Siem = Siemens Medical Systems, Erlangen,
Germany, GE = General Electric, Chicago, IL. IR = inferior rectus path, SO = superior
oblique muscle, MR = medial rectus path

Methods that have been used in functional anatomy research include:
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Cinematic CT. In the past important results have been obtained with this
method [139]. Because of the radiation load and other reasons this has been
abandoned in favor of:

Cinematic or Cine MRI. In this method, multipositional MRI scans are
acquired in a shoot-stop manner with the patient gazing at different (2-12)
marks inside the scanner bore. Eye convergence is usually avoided by
occluding one eye [43]. The scan sequence can be played back rapidly
resulting in an animation of the functional anatomy. To date only 2D cine MRI
studies, usually along coronal, sagittal or transversal planes, have been
published.

Dynamic MRI. In this method, MRI scans are acquired continuously during
gaze. This technique is commonly used in experimental cardiac imaging.
Jaeger and colleagues [84] have published the first Dynamic MRI study of the
orbit. Their published images are mediocre at best and suffer from motion
artifacts [41]. Because agonist and antagonist muscles are simultaneously
active during both saccades and fixation, no large advantage of dynamic over
cine MRI is to be expected as long as image quality remains much lower.

Table 1 is an overview of the state of the art in this field in 1997. Various

authors have tried to improve cine MRI image acquisition: Cadera and coworkers
[26] have introduced a form of continuous cine MRI with the subject following a
fixation stimulus and scans triggered by stimulus reversal. So far, they have not
published any results using this technique. Scheiber and colleagues [131]
described an ingenuous but elaborate setup using fiber optic cables to avoid ocular
convergence of the subject during fixation.

® & © @

Cine MRI and CT can also be extended using image processing techniques:

Manual registration to correct for subject motion during acquisition [43;113]
Automatic registration [145]
Image enhancement such as noise removal to improve image quality [43]

Area and centroid (the weighted center of gravity of a structure) computation
to compute muscle cross-sections and centroids [43;113]

Curve and shape estimators to determine changes of shape of the optic nerve
and other structures [2]

Motion estimation to compute tissue velocities automatically, the subject of
the present work.

3. NORMAL FUNCTIONAL ANATOMY OF THE ORBIT

This section covers the normal functional anatomy of the orbit as studied using
cine MRIL.
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A) Globe

In a sagittal cine MRI study, Lasudry and coworkers [96]concluded that the globe
translates over 1.0-1.5mm in sagittal rotation from maximum upgaze to maximum
downgaze opposite to the direction of gaze, and on lid closure, 1.9mm
superoposteriorly. Clark and colleagues [31] found that the anteroposterior
displacement for up to 30° rotation remains less than 0.4mm.

B) Rectus muscles

In an extensive study of four subjects using quantitative cine MRI in the coronal
plane, Miller and Demer [114] were the first to publish the rectus muscle pulley
concept. They found that the rectus muscles do not show sideslip over large gaze
changes but keep their position with respect to the orbit. They also measured the
increase of muscle cross-section on contraction: mean increase in cross-section for
the lateral rectus muscle is 35% with a maximum of 32.3mm2, for the medial
rectus muscle 30% with a maximum of 30.3mm? and for the inferior rectus 46%
with a maximum of 33.6mm” The point of maximal cross-section shifts
posteriorly on contraction.

Demer, Miller and coworkers [45] in a cine MRI study of 35 subjects
confirmed that the path of the rectus muscles remains stable relative to the orbit
over 40 degree rotations until just posterior to the equator. They concluded that the
positional stability is caused by the pulleys. The existence of these musculo-
fibrous structures, which were found to be continuous with the orbital wall, has
been confirmed histologically.

Clark, Miller and Demer [31] found that the position of the pulleys is uniform
across subjects and remains so during gaze changes. They never moved more than
1.0mm. The only exception was the inferior rectus pulley that was displaced
horizontally for up to 1.3mm during up- and downward rotation of the eye,
probably caused by transmission of the action of the inferior oblique to the inferior
rectus pulley by Lockwood’s ligament. They concluded that the functional origins
of the rectus muscles are the pulleys. The finding that the inferior and superior
rectus muscle thicken and retract, with the thickest cross-section shifting
backwards upon contraction, has been confirmed qualitatively in the studies of
Lasudry and coworkers [96] and Scheiber and associates [131].

C) Oblique muscles
In a study of seven subjects, Demer and Miller [42] found that the cross section
area of the superior oblique is on average 19 mm?, with an increase in cross section
on downgaze (+7.6mm2) and a decrease on upgaze (-5.5mm2). On contraction, the
point of maximal cross-section shifts posteriorly as in rectus muscles. The
contraction and relaxation during gaze changes occur mainly in the posterior
(nontendinous) half of the muscle.

Lasudry and coworkers [96] found that in upgaze the inferior rectus muscle is
covered by the inferior oblique muscle and that these muscles disengage in
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downgaze. The anterior shift of the inferior oblique on downgaze is only 50% of
the anterior shift of the inferior rectus insertion.

D) Eyelids, Lockwood and Whitnall Ligaments

Goldberg and colleagues [69] describe the kinematics of the upper eyelid. They
found that on downgaze the levator aponeurosis remains static relative to the
orbital rim and conclude that Whitnall’s ligament functions as a pulley for the
levator aponeurosis. They also found that the orbital septum is taut on downgaze.

Lasudry and associates [96] confirmed these findings and demonstrated that on
upgaze the septum is folded under the pre-aponeurotic fat pad. They concluded
that there is a tight linkage between the tarsus and Lockwood’s ligament. They also
found that on downgaze, lid retraction is mainly effected by the inferior rectus
muscle.

Goldberg and colleagues [69] also described the kinematics of the lower
eyelid. They found that both eyelid margin and the anterior inferior oblique margin
move much less than the globe. In fact, the anterior capsulopalpebral fascia itself,
the main skeleton of the lower eyelid, does not stretch on downgaze. The stretch is
located posteriorly to the inferior oblique muscle.

In the study by Clark, Demer and Miller [35] cited earlier, evidence was found
that the action of the inferior oblique is transmitted to the inferior rectus pulley by
Lockwood’s ligament, and shifts this pulley horizontally.

E) Optic nerve

In a cine MRI study of the optic nerve, Smiddy and coworkers [141] described the
optic nerve path in primary position and on superonasal rotation. Abramoff and
colleagues [2] quantified the optic nerve path during horizontal gaze changes
automatically using heuristic segmentation. They found that in control subjects the
optic nerve path is curved and nonlinearly related to the rotation of the eyeball.
They proposed that the curved path is due to the network of connective tissue in
the posterior orbit first described by Koornneef [53;93].

F) Orbital fat

Scheiber and colleagues [131] concluded from a qualitative cine study that the
motion of intraorbital fat and connective tissue is limited. However, Lasudry and
coworkers [96] carefully measured the shift in position of intraconal fat caused by
gaze changes. They found that the volume of intraconal fat displaced by the optic
nerve is about 0.56ml between upgaze and downgaze, and that on average 37% of
the pre-aponeurotic fat pad is shifted laterally during upgaze. They concluded that
the orbital fat has semi-fluid properties and its motion is quite extensive. They
proposed that this behavior is related to the connective tissue septa.
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G) Orbital soft tissue

In a number of pilot studies, Abramoff and colleagues [4-6;145] employed cine
MRI and optical flow motion estimation to measure the motion of the eyeball and
other soft tissues.

4. PATHOLOGIC CHANGES OF FUNCTIONAL ANATOMY

For the purpose of clarity, the findings are listed by disorder, and not by tissue.

A) Strabismus related to rectus muscles

Bloom and associates [21] reported qualitative cine MRI evidence of reduced
transversal and coronal muscle cross section in patients with IIIrd or VIth nerve
palsies.

Demer and Miller [43] found that in patients with rectus muscle palsy, the
cross-section of the paralytic rectus muscle was reduced (from 45.0 mm?2 to
29.4mm?2) and its maximum cross-section had shifted anteriorly. The authors
proposed that both these changes indicate chronic denervation atrophy of the
involved muscle.

Clark, with Demer and Miller [31], found that pulley positions are uniform
among control subjects and patients with incomitant strabismus. In two patients
with strabismus, however, pulleys of rectus muscles were displaced perpendicular
to their plane of action, and the authors suggest that this might be related to these
patients' poor response to strabismus surgery.

B) Strabismus related to superior oblique palsy
Demer and Miller [42] studied seven patients with chronic superior oblique palsy
using coronal cine MRI. They found a reduction in muscle cross-section (average -
4.4mm?2) and decreased change in cross-section during gaze. They concluded that
superior oblique palsy is characterized by atrophy manifested by reduced cross-
section, and absent contractility manifested by lack of increase in cross-section and
of posterior displacement during down gaze.

Clark, Miller and Demer [32] showed that in patients with superior oblique
palsies, the pulley of the medial rectus is displaced 1.Imm superiorly on average.
They proposed that this shift is related to atrophy of the adjacent superior oblique
belly, but does not explain superior oblique palsy deviations.

C) Strabismus related to orbital fractures

Bailey and coworkers [13], and Jewell and coworkers [85] have presented sagittal
cine MRI studies of orbital floor fractures. Both gave only anecdotal qualitative
descriptions of inferior rectus entrapment. Their statement that their methods add
to static CT or MRI evaluation of orbital floor fractures is not supported by their
findings, however, since entrapment is more effectively diagnosed with cover,
prism and other tests of ocular motility and forced duction testing. In orbital floor
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fractures, reduction of upward rotation is more common than reduction of
downward rotation.

Totsuka and associates [150] have used sagittal cine MRI to study this
phenomenon and found evidence that connective tissue becomes entrapped in the
fracture. The inferior rectus was usually not involved. They concluded that
entrapment might limit muscle relaxation more than contraction because of the
usual position of entrapment at the weakest, middle part of the orbital floor.

Shin and colleagues [135] studied two patients with orbital floor fractures,
using sagittal and coronal cine MRI. They found evidence that in one patient the
inferior rectus had been lost, while in the other there was potential for
reattachment. These findings influenced surgical management of these patients.

Abramoff and coworkers [2] have applied MRI-dynamic color mapping (See
chapter 5) in two patients with orbital floor fractures. They found that the optic
nerve path is more nonlinear (4.5mm maximum) in these patients and proposed
that this is caused by fibrotic changes in the connective tissue skeleton in the
posterior orbit, and that the optic nerve path can be used as an indicator of such
changes.

D) Strabismus as a complication of surgery

Miller and Demer [115] have presented evidence that it is difficult to disrupt the
pulleys in normal strabismus surgery. They reported that rectus muscle paths are
not influenced in spite of aggressive transposition surgery for A and V pattern
misalignment with transpositions of up to 10mm.

Shin and coworkers [135] presented the results of coronal and sagittal cine
MRI in two cases of complicated strabismus after endoscopic sinus surgery, with
loss of rectus and superior oblique muscle segments. These studies influenced
patient management. They concluded that clinically adequate information about an
extraocular muscle might often be determined by simple visual inspection of cine
MRI scans.

E) Duane's syndrome
Bloom and coworkers [22] were the first to study two patients with Duane's
syndrome and dissociated vertical deviation (DVD) with coronal cine MRI. They
found no significant vertical displacement of either medial or lateral rectus
muscles on up- and downgaze.

Cadera and associates [27] presented anecdotal evidence of co-contraction of
the medial and lateral rectus muscles by visual inspection of cine MRI. Similar
results were reported by Bailey and colleagues [13] and Jewell and coworkers [85]
in 3 patients with Duane's esotropia (apparently the same group).

F) Strabismus related to high myopia
In an extensive study, Krzizok and coworkers [95] studied 37 patients with high
myopia, esotropia and hypotropia using coronal quantitative cine MRI. They found
that the path of the lateral rectus is displaced downward in the anterior- and mid-
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orbit, a finding that explains the typical deviations. They proposed that this is
caused by the increased major axis of the eyeball in high myopia. They found no
evidence of mechanical restriction of the globe by the orbital wall.

G) Graves’ orbitopathy

Bailey and colleagues [13], and Jewell and coworkers [85] were the first to study
patients with Graves' orbitopathy (apparently the same group). They found
enlargement of the rectus muscles and loss of optic nerve movement.

Bailey and colleagues [14] published a study of 25 patients with Graves'
orbitopathy using sagittal and transversal cine MRI. They found evidence of rectus
muscle stretching in the active, but not the burnt-out phase of the disease, and
confirmed their earlier results. They claim that their methods add to the evaluation
of patients with Graves’ orbitopathy. This claim is not supported by their results.
In fact, it is difficult to see how visually inspecting movies can influence
management of patients with Graves’ orbitopathy.

Abramoff and coworkers [2] have used quantitative cine MRI in eight patients
with Graves orbitopathy and strabismus. They found that the optic nerve motion
path is more nonlinear in some patients with Graves' orbitopathy and diplopia.

H) Nystagmus
Jaeger and coworkers [84] examined three patients with horizontal end-point
nystagmus. Using a SHz Dynamic MRI setup, they could detect nystagmus up to
Sbeats/s. They presented the hardly surprising finding that during nystagmus, the
contracting rectus muscle shortens and the relaxing muscle lengthens by the same
amount. At present, it is difficult to envisage any added value of dynamic or cine
MRI in the evaluation of nystagmus.

I) Myokymia
In a cine MRI study of two patients with superior oblique myokymia (paroxysmal
twitching), Mehta and Demer [111] found that the cross-section of these muscles is
reduced compared to the normal superior oblique cross-section. They proposed
that a IVth nerve insult is the cause of both atrophy and myokymia.

J) Anophthalmic socket

Ghabrial and colleagues [65] have studied the anophthalmic socket (after
enucleation) with cine MRI. In this qualitative study, they found that the motion of
the soft tissues in the socket is generally decreased compared to the normal
contralateral orbit.

In a pilot study for this thesis, Abramoff and colleagues [5], studied the motion
of soft tissues in the anophthalmic socket with a cine MRI technique. They found
that the motion of orbital soft tissues, including muscle, the optic nerve and orbital
fat, ranges between 0.0 to 1.4mm per degree of gaze change and is reduced with
respect to the normal orbit.
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5. EXPECTED DEVELOPMENTS IN IMAGING TECHNIQUES

Further improvements are expected in cine MRI acquisition rates and image
quality, so that fast cine 3D and dynamic studies may become feasible. Functional
MRI may be applied in the near future in the study of dynamic extraocular muscle
metabolism. Finally, advances are expected from imaging science, so that
quantification of soft tissue velocity, of tissue motion paths and of volume changes
of orbital fat and muscles may become available in the clinic in the future.

6. DISCUSSION

Our idea of the functional anatomy of the orbit has changed over the last few years
due to the results such as those described above. Since the studies of Koornneef
[93] it has been acknowledged that connective tissue plays an important role in
orbital anatomy and pathology [53]. Anterior parts of this connective tissue
network, the muscle pulleys, have been found to form the functional origin of the
rectus and inferior oblique muscles, similar to the way the trochlea was already
acknowledged to be the functional origin of the superior oblique muscle. Other
tissue structures, including Lockwood's and Whitnall's ligaments, seem to form the
functional origin for the eyelid retractors. This network may even play a role in the
posterior orbit.

Aside from the study of functional anatomy and pathology for research
purposes, imaging techniques are gaining acceptance in the clinic. Clinicians use
cine MRI to diagnose the cause of different types of strabismus based on changes
in muscle cross-section and pulley location and decide on the optimum therapy. It
has been possible to evaluate the role of slipped muscle in complicated strabismus
after surgery. It can help determine whether connective tissue has become
entrapped in orbital floor fractures. It can measure soft tissue motion after
enucleation in reduced prosthesis motility. Finally, it may play a role in the
localization of tumors if these cannot be localized in a specific tissue on static
scans [2].
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Fast cine MRI of the orbit

Presented in part at the annual meeting of the Radiological Society of North America, Chicago, Illinois,
October 1997.

1. INTRODUCTION

Reproducibility of results implies precise description of methods. The purpose of
this chapter is to help others avoid some of the problems that were encountered in
the course of this research while developing orbital cine MRI (Magnetic
Resonance Imaging) methods, since journals offer but limited space for method
descriptions. The Philips Gyroscan[] NT 1.5T MR scanner running under software
release 7.1.2 was used in all studies, but the methods should, generally, carry over
to any other 1.5T scanner. The programs used to process MR images are available
on the associated website at “http://www.isi.uu.nl/people/michael.” (see below).

2. PATIENT PREPARATION

Careful preparation of the patient prior to the scan is important for successful cine
MRI. Cine MRI of the orbit requires active co-operation of the patient during the
scan. In addition, the physics of magnetic resonance imaging are difficult to
explain in comparison to those of a computed tomography (CT) scan. Therefore,
patients are frequently fearful of the procedure without explicitly expressing such.

Our approach was as follows. The patient was asked to participate in the study
after the nature of the study had been explained. He or she then received a
brochure explaining the cine MRI examination and containing the informed
consent form. Among other things, the brochure stressed that he or she was
expected to lie perfectly still during the scan, while gazing only with the eyes, and
not with the head. Recently, a picture of the scanning procedure has also been
added (Figure 1).
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Figure 1. NT scanner with patient on dolly outside the scanner bore. The head coil is not
in place, the headband has not been fixated and the fixation aid has not yet been fitted.

A separate appointment was commonly planned at least one week later. For
practical reasons, this appointment was usually combined with a visit to the
treating ophthalmologist. At this second appointment, the details of the procedure
were again explained, and any questions were answered, as far as possible.
Usually, the informed consent was then signed. The visit also allowed any
contraindications (presence of any magnetic metal within the skull, of any
magnetizable metal anywhere else in the head, of a pacemaker, of claustrophobia
or a history of psychosis) to be ruled out once more.

3. MR SCANNING

Practical MR scanning is by necessity a compromise between image quality, the
time patients can hold fixation, economical use of scanner time slots and the
convenience of the scanning protocol to MR operators. In general, longer scanning
times per fixation period increase image quality. Longer scanner time slots allow
more time for setup of fixation aids, operator intervention and longer cine
sequences. It is difficult, however, to achieve these goals. Long scanning times
increase motion and blinking artifacts, since it is difficult to gaze at a fixed target
without blinking for an extended period. Scanner time slots are limited for
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Figure 2. Snow White machine fixation aid.

economical reasons. MR scans were performed by a rotating team of two MRI
operators from a pool of about twelve, any one of whom might be on duty at the
moment of orbital cine MR scanning. This arrangement precluded elaborate
fixation aids, complicated scanning protocols with many options, and extended
operator intervention (for example to reposition patients), even though operators
were trained for orbital cine MR scanning and a written protocol was available.

We performed many experiments to find an optimal orbital cine MR scanning
protocol, given the above constraints. Fixation times over twenty seconds were
found to result in motion artifacts, while most subjects and patients could fixate up
to fifteen seconds with only small motion artifacts. Consequently, fifteen seconds
was estimated to be the upper limit to fixation time. Corneal anesthesia was found
not to improve scanning quality if the fixation time was below twenty seconds, and
was not used. After it had been shown that objective measurement of motion was
possible based on sequences of seven to nine volumes (Chapter 4), the minimal
sequence length was set at seven. This allowed us to maximize MR efficiency and
minimize patient fatigue, since the patient spent only about 20 minutes in the
scanner bore. The time slot was set at 30 minutes.
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Figure 3. Brainwash fixation aid. Top: View of fixation aid with ends of optic fibers (all
of them illuminated for clarity). Note the optic fibers exiting from the back of the device.
Bottom: view of sequencer box (left) connected to a bank of LED’s (center) that fits
under the fiber optic bank (right).

4. GAZE SEQUENCING

Proper gaze sequencing requires the use of fixation marks [41]. The fixation marks
could not be left on the inside of the scanner bore, because such marks confused
patients that had to undergo functional MRI experiments that are performed in the
same scanner; thus, a fixation aid was needed to maximize patient cooperation and
minimize operator time for setup. Two different devices were developed and
(partially) manufactured by me to serve as fixation aids.

The first device was dubbed the Snow White machine (Figure 2) and consisted
of a transparent acrylic half-pipe that fits snugly in the scanner bore. On the inside
is a row with nine fixation marks indicated with numbers 1-9. This sequence is
horizontal and level with respect to the patient’s eyes and face in the scanner. The
straight-ahead fixation mark is at number 5. The marks are 8° apart if the rotational
centers of the eyes are 200mm from it. This 200mm distance was found to be a
practical approximation of the average distance of the eyes to the fixation aid.
Though extreme gaze positions are attractive, in practice, many patients were
unable to gaze. There are also two rows, vertical with respect to the patient’s face,
one 20° to the left and one at 20° to the right of the straight-ahead fixation mark.
The Snow White machine was left transparent to minimize claustrophobia.

The other device was dubbed the Brainwash fixation aid (Figure 3). It was
developed because some patients had difficulty understanding the meaning and
order of the marks in the Smow White machine. It had generally the same
distribution of the fixation marks but small lights were used - instead of numbers.
These lights were made to light up one by one in a specific color, synchronized to
the cine scanning protocol.

Synchronizing was triggered by the sounds of the MR gradient coil, recorded
with a microphone, since an electronic triggering output is not available on the NT
(for medico-legal reasons). The lights were actually the ends of fiber-optic cables
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Figure 4. Patient being slid into the scanner, the Snow White machine is in place.

running from the scanner control room, where they were lit by a sequencer box
that contained three-color Light Emitting Diodes (LED’s) for every fiber. Three
programs were available on the sequencer, selectable by a switch: a program
showing a sequence of horizontal white lights, and two programs showing vertical
sequences in red and green respectively. The MR operator could start a sequence
by the press of a button, and the sequencer then waited for the sound of the
activation of the gradient coil before lighting the next light in the sequence. This
way, a patient could be instructed to follow the white, green or red lights
respectively. Though initial experiments were favorable, the Brainwash turned out
to be too cumbersome to set up. In the later studies, it was no longer used, and only
the Snow White machine was used.

The eyes were not occluded. A choice had to be made between either a much
(1/4) reduced image resolution (due to halving of the acquisition time) with
occlusion or no occlusion. Otherwise, occlusion would unacceptably have
increased scan time and patient fatigue, because all scans would have had to be
performed twice. It was found easy to determine the horizontal and vertical
fixation angles from the cine MRI scans, so occlusion was not needed for this. In
addition, it was found that most patients are usually able to fixate consciously with
their ‘best’ eye. Thus, there were almost no sudden flips of the fixating eye during
a sequence. This is important because such flips would have resulted in one double
image and one missing image in an already very brief sequence.
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Figure 5. Survey scans. A. coronal plane; B transversal plane; C sagittal plane. The
borders of the volume slab that is typically scanned during cine MR scanning are
indicated in yellow. The white lines indicate some of the landmarks used to align the
patient’s head position with the axes of the scanner. In A, the interhemispheric fissure, in
B the line connecting the center of both lenses, in C, the line from the globe-optic nerve
center to the optic foramen.

5. MR PrROTOCOL

A head-coil was used in all studies, since a surface-coil was found not to improve
results and increase scanning-time [41]. For the earlier studies (Chapters 4 and 6),
two-dimensional transversal and sagittal scans were acquired with an acquisition
time of 6 seconds per image [146]. After improvements in the NT software (>
release 6.0), a faster protocol was developed. This protocol was used in the later
studies (Chapters 5, 7, 8), where three-dimensional coronal volumes were acquired
with an acquisition time < 16 seconds pre whole volume. Only this last protocol
will be covered in detail in this section. Before actual MR scanning, sagittal,
coronal and transversal survey scans were made. See Figure 5. These scans were
used to check alignment of the orbital axes and to set the scanned volume.

The fast volume protocol had the following settings: Gradient scanning
sequence (with Turbo Field Echo), a TE (Echo Time) of 4.598 ms, a TR
(Repetition Time) of 9.36 ms, Flip Angle 20 degrees, matrix 256x256, field of
view 60%, slice thickness 2.0mm, slice distance 2.0mm. These settings result in
anisotropic  volumes of 256x256x20 voxels, with a voxel size of
0.82x0.82x2.0mm3, and an acquisition time of 15.6s. Foldover suppression was
not used, since it increased scanning time by 60%, but did not improve image
quality, as the foldover was located outside the orbit.

Three sequences of volumes were acquired using the above settings. One
horizontal sequence of 9 volumes with the patient gazing at the horizontal fixation
marks, and two vertical sequences of 7 volumes each with the patient gazing at one
of two vertical rows. During scanning, the patient was asked to fixate the mark
next to the number, and the scanning was started. Between sequences, a brief rest
is given to allow the patient to relax. The volume sequences were then saved on
Optical Disks (OD). The MR data for each patient were about 70-100 Megabytes
(MB). See Figure 6.
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6. DIGITAL DATA COLLECTION

The Gyroscanl] scanning software stores the scanning data in an image format
proprietary to Philips (for medico-legal and commercial reasons). The Gyroscan[]
at the UMC Utrecht has no facilities for data transfer or conversion to publicly
available imaging formats, such as the Digital Imaging and Communications in
Medicine (DICOM) format. (Such an option is marketed by Philips, however).
Thus, the imaging data are only available on the Gyroscan[] terminals and on
Easyvisionl] workstations also supplied by Philips.

The MR data can be converted to a ‘normal’ format by exporting the data from
the Gyroscan[] to Compact Disk-Read Only Memories (CD-ROMs) via an
Easyvisionl] workstation. The CD-ROM will then contain the volume sequences
in the form of separate DICOM 3.0 image files. This method has several
drawbacks: each CD-ROM can contain the data of only about 4-5 patients and it
takes about three to four hours to write such a CD-ROM. More important, all
volume and sequence information is subsequently lost, and the volume sequences
are stored flat as separate DICOM image files with non-mnemonic names of the
form IM_0699. About one in two CD-ROMs thus obtained were unreadable, and
the whole procedure then had to be repeated. The reason was that the CD-ROM
writing capability of the Easyvisionl] workstation is not very stable under most
software releases if any other processing is done anywhere else on the
Easyvision[] network. In practice, this meant that the CD-ROMs had to be created
at night or in the weekends, when the network was relatively idle. For this thesis,
about 15 Gigabytes (GB) of MR data were collected using the above methods.

7. IMAGE PROCESSING TOOLS

For the image processing programs the reader is referred to the website associated
with this thesis at “http://www.isi.uu.nl/people/michael.” The software (including
sources) and documentation including manuals that I have written and that are
related to this thesis are available there. Before using them, please observe the
copyright and disclaimer notices below or on the website. All programs are in Java
and will thus run without modification on any computer system that has browser
capabilities. All can be downloaded free of charge, while some of them are
available as applets and so do not need to be downloaded.

¢ Flowl], a 2-D optical flow estimation and flow visualization package. FlowJ
contains the implementations of four optical flow algorithms: Lucas and
Kanade, Uras, Fleet and Jepson and Singh. It also implements four different
flow field visualization methods: hedgehog, dynamic color mapping
(described in this thesis), spotnoise, and dynamic color spotnoise (described in
this thesis). The FlowJ interface and implementation was tested in
collaboration with more than 500 users.
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Flow3J, a package for 3-D optical flow estimation and visualization. Flow3J
implements the 3-D optical flow estimation algorithm and the scintillation
rendering algorithm developed in Chapter 5.

VolumelJ, a volume rendering package that I developed in my spare time.
Written in Java, it is fully object-oriented and so allows polymorphic
rendering of any object that has a classification and an interpolation method:
scalar volumes, but also vector volumes. Two examples of polymorphic
rendering that are available are the rendering of red, green, blue (RGB) color
volumes (as obtained, for example, by confocal color microscopy imaging
systems), and also of 3-D flow fields used in Flow3J (see above). It has been
interfaced to ImagelJ, the Java image processing program written developed by
Wayne Rasband at the United States National Institutes of Health and
available at http://rsb.info.nih.gov/ij, and can read, manage and write DICOM
3.0 (also the Philips and Siemens dialects) image formats. The Volumel]
interface and capabilities were developed and tested in collaboration with over
3000 users.

Disclaimer

The software described above and any extensions or alterations are provided "as is" and without
warranty of any kind, express, implied or otherwise, including without limitation, any warranty of
merchantability or fitness for a particular purpose. The software is experimental only and has not been
designed for, tested or approved for clinical use. Any use of the software is at the user's risk. Any
conclusions based on the software or its use are solely the user’s. I expressly disclaim any responsibility
or liability for any and all adverse medical or legal effects, including personal, bodily, property or
business injury, and for damages or loss of any kind whatsoever, resulting directly or indirectly,
whether from negligence, intent or otherwise, from any use or disuse of the software, from errors in the
software, or from misunderstandings arising from the software itself or its use.
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Figure 6. Horizontal gaze cine MR volume sequence of 9 volumes. Across: fixation 1-9
(t-axis). Down: volume frames.
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Objective quantification of the motion of

soft tissues in the orbit

Orbital soft tissue motion analysis aids in the localization and diagnosis of orbital disorders. A
technique has been developed to quantify objectively and visualize motion in the orbit during gaze. T1-
weighted MR volume sequences are acquired during gaze and soft tissue motion is quantified using
optical flow techniques. The flow field is visualized using color-coding: orientation of the flow vector
coded by hue and magnitude by saturation of the pixel. Current clinical circumstances limit MR image
acquisition to short sequences and short acquisition times. The effect of these limitations on the
performance of optical flow computation has been studied for four representative optical flow
algorithms: on short (9 frames) and long (21 frames) simulated sequences of rotation of an MR imaged
object, on short measured MR sequences of controlled rotation of the same object and on short MR
sequences of motion in the orbit. On the short simulated and motion-controlled sequences, the Lucas
and Kanade algorithm showed the best performance with respect to both accuracy and robustness.
These motion estimates were accurate to within 20%. Motion in the orbit ranged between 0.05 - 0.25
mm/° gaze. Color-coding was found to be attractive as a visualization technique, because it shows both
magnitude and orientation of all flow vectors without cluttering.

1. INTRODUCTION

Disorders of orbital tissues, such as space-occupying lesions, enucleation (the
removal of an eye) with prosthesis implantation, Graves’ orbitopathy and trauma
all influence the motion of soft tissues in the orbit related to change of gaze [113].
The diagnosis and management of orbital disorders will be improved if the motion
of orbital soft tissue can be measured in an objective manner. Orbital tumors may
then be localized and differentiated, reducing the need for invasive biopsies; the
causes of ocular motility disorders in Graves’ orbitopathy and trauma may be
clarified; and the motility of the prosthesis and the attachments after enucleation
may be better understood.

Recently, cinematic MRI has been introduced to non-invasively assess the
motion of tissues in the orbit [4;13]. T1-weighted images are acquired in a stop-
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shoot manner at a series of gaze-positions, which yields image sequences that are
evaluated by visual inspection of animations. The resulting qualitative judgments
are subject to a large intra- and inter-observer variability [4].

In order to determine soft tissue motion in an objective and quantitative
manner, we have developed a method that allows quantitative analysis and visual
assessment of orbital motion. The starting point is an improved fast cinematic 3D
(3-Dimensional) T1-weighted MRI (Magnetic Resonance Imaging) technique,
which acquires volume sequences during horizontal and vertical gaze respectively.
The two-dimensional motion of soft tissues in these sequences is analyzed by
computing the optical flow field [20]. The motion field is visually assessed by
means of a color-coded mapping, where the hue of a pixel codes for the orientation
and the saturation for the magnitude of the flow vector.

Optical flow algorithms have been shown to give good performance on motion
analysis of simulated and natural scenes [19]. For the application at hand, however,
several factors are expected to negatively influence the quality of the flow fields.
Cinematic MRI requires cooperation from the patient, because he/she needs to
actively fixate a sequence of targets for many seconds at close range without
blinking. A common reason for patients to undergo cinematic MRI is that they
have double vision or other ocular motility disorders, and this makes fixation more
difficult. Obviously, increasing the fixation period and the number of targets (the
sequence length) improves the MR image sequence quality. In clinical practice, we
found that patients get tired during fixation periods exceeding approximately
fifteen seconds or after more than approximately nine fixations. It is therefore
preferable to acquire short sequences of up to nine frames, and acquire a single
frame within fifteen seconds. This sequence length compares unfavorably to the
sequences of 15-21 frames used by Barron et al., in their comparative study of
optical flow algorithms [19].

Cinematic MR image sequences of motion in the orbit accordingly have
relatively low resolution, with aliasing in both space and time. Additionally,
intensity, noise and phase of the resonance signal are not isotropic, but are
dependent on the orientation of the tissue relative to the gradient of the MR field,
because of partial volume effects, RF coil inhomogeneity and susceptibility
artifacts. Finally, tissue-motion is not limited to translation or rotation; it also
shows dilation, shear and torsion, giving rise to occlusion boundaries. On the other
hand, well known confounders of optical flow computation such as transparency,
shading and perspective are not present.

The aim of this chapter is to introduce a method to objectively quantify and
visualize motion of orbital soft tissue. The main component of the approach is the
analysis of the motion field by optical flow techniques. In view of the severe
constraints dictated by clinical use on sequence length and image quality, the
performance of several representative optical flow algorithms has been studied on
long (21 frames) and short (nine frames) simulated sequences of rotation of an MR
imaged object, on short and long measured MR sequences of controlled rotation of
the same object and on short measured MR sequences of the motion of the human
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Figure 1. Setup of the sirloin steak in the rotation device.

orbit. A color-coding technique (dynamical color mapping) is used for visual
assessment of orbital soft tissue motion.

2. METHODS

A) Image acquisition

Cine MRI time sequences were obtained using the following protocol [146].
Gradient echo T1-weighted volumes were acquired on a 1.5 T MR scanner (Philips
NT) using a head-coil (TFE, TE 6.9 ms/TR 12 ms, FOV 180 mm, matrix
256x256x46) with an acquisition time of 15s. The T1 relaxation times were coded
as signal intensities and stored in DICOM (Digital Communication in Medicine)
3.0 format as series of separate image volumes. Two-dimensional image sequences
were extracted from these volumes on a transversal axis transecting both
horizontal rectus muscles and the optic nerve, and on two sagittal axes transecting
both vertical rectus muscles. Motion of the head of the patient was restrained by a
flexible headband.

B) Image sequences

Because the true motion field in the orbit is unknown, we have used simulations
and measurements of controlled motion of an object to compare the computed flow
fields with the known motion fields. The lengths of the sequences were chosen to
correspond to either the maximum support of the algorithms as reported by Barron
et al,, i.e., 21 frames (for the Fleet and Jepson algorithm [19]) or to the number of
frames that are acquired in clinical practice, i.e., nine frames.

For all experiments, the above acquisition technique was used. Simulated
sequences were created by rotating a single image obtained from a sirloin steak
sequence (see below) using bilinear interpolation at 5-degree intervals, resulting in
sequences of either 21 or nine frames (called SteakSynth in this chapter).
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For the motion-controlled sequences, a sirloin steak was mounted in a transparent
box fitted with an angle ruler (Figure 1). A sirloin steak consists of bands of
several millimeters width of alternating muscle and fat tissue that approximates the
alternating fat-muscle-fibrous tissue structure of orbital soft tissue. This box was
placed in the MR scanner bore, allowing manual rotations with a precision of one
degree. The phantom was manually rotated 5 degrees per frame, and a sequence of
21 frames was obtained (called SteakMR in this chapter).

For the acquisition of orbital image sequences, the patient fixated on sequential
marks placed at 8 degrees intervals on the inside of the scanner bore. Sequences of
nine volumes were acquired in horizontal and vertical gaze. From these sequences
of nine volumes, nine frames transversally respectively sagitally were extracted on
a plane through both rectus muscles [4] (Figure 2).

C) Pre-filtering
Pre-filtering has been reported to improve the quality of image derivatives
[11;19;120;165] for the Lucas and Kanade algorithms. We have looked at:

¢ Gaussian smoothing, performed by convolution with a Gaussian kernel in
2D+ time [29], and

¢ nonlinear diffusion filtering, as developed by Perona et al. [124], by
recursively filtering all images in a sequence using nonlinear diffusion. The
parameters for the diffusion equation were set to the values reported in [11]
and [124]. This filter favors intra-tissue smoothing by limiting diffusion in
regions of high gradient. It has been reported to be superior to Gaussian
smoothing for pre-filtering MR image sequences for optical flow computation
[11].

3. OPTICAL FLOW COMPUTATION

A) Background

The optical flow field is a vector field that expresses the kinematic relationship
between local 2D image (or 3D volume) samples [60]. Optical flow algorithms use
the spatio-temporal patterns of image or signal intensity to estimate the optical
flow field. In analogy with the mammalian visual system, most optical flow
methods follow a two stage system [39;79;107]. In the first stage, possibly
analogous to retinal image processing [58], the spatio-temporal patterns in the
image sequence structure are decomposed into components or primitives. These
may be scaled derivatives, wavelet responses, etc. [20]. Since the optical flow
constraint equation (see below) is under-determined, an additional constraint must
be introduced.

In the second stage, analogous to post-retinal processing, the resulting system
of equations is solved to estimate the actual optical flow [60]. In their
comprehensive reviews, Barron and coworkers have classified optical flow
algorithms and studied their performance on both synthetic and natural (non-
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Figure 2. Typical frame of an orbital cine MRI sequence. The corresponding position of
the eyes is shown (top).

medical) image series [19;20]. The best performance on natural noisy images was
obtained by Fleet and Jepson’s phase-based (differential) algorithm [59], Lucas
and Kanade’s first order differential algorithm [101], and the second-order
differential algorithm of Uras and coworkers [153].

The best region-based matching algorithm, proposed by Singh [140], was
found to have inferior performance compared to these three methods. Matching
algorithms are attractive because they require a temporal support of only two to
three frames. In contrast, differential techniques preferably need a larger support of
fifteen to twenty-one frames per sequence [19], depending on the exact
implementation. For example, the Lucas and Kanade technique requires 15 frames
for Gaussian smoothing in 2D+time with a standard deviation of 1.5, if a four
order central difference operator is used to obtain the gradients, while the Fleet and
Jepson technique requires 21 frames. This need for a large temporal support is one
of the reasons the findings of Barron et al., [19] do not necessarily carry over to
our application.

B) Algorithms
The starting point of optical flow computation is the Optical Flow Constraint
Equation [60]:

dl(x,t)/dt =0 ()

where 1(x,7) is the (possibly pre-filtered) signal intensity series at pixel x and
time ¢, and dI/dt the total derivative of I. This constraint expresses the assumption
that structures do not change in signal intensity as they move. The standard
deviation of the scale at which I(x,f) is evaluated by the various algorithms
varied between 0.4 and 2.5 in this study. To make the optical flow vector v explicit

in the two-dimensional case, (2) can be expressed as the gradient constraint
equation:

+—evt—=0 3)
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This is one equation with two unknowns, the components v, and v, of the flow
vector v. To solve (3) for v, an additional model needs to be introduced.

We have compared four optical flow algorithms; those by Lucas and Kanade
[101], Uras and coworkers [153], Fleet and Jepson [59], and Singh [140]. Because
the review by Barron [19] contains extensive derivations of these algorithms, we
have not reproduced them here. Instead, the four algorithms are briefly discussed
and the various parameter settings and their meaning are listed in Table 1. Except
where noted, the parameters were set to the values given in the review by Barron
et al.

¢ Lucas and Kanade algorithm [101]. If the flow is regular over a small region
Q, v in (3) can be linearly approximated by first weighting the local first
order derivatives of signal intensity I(x,¢) in Q with a Gaussian and then
optimizing the resulting system of equations by least squares minimization.
The derivatives are obtained by convolution with either a Gaussian derivative
kernel [120], a four-point central difference kernel as in [19] or a 2D+time
Sobel kernel [143]. If the central difference kernel or Sobel kernels were used,
pre-filtering was performed using Gaussian smoothing or nonlinear diffusion
filtering. The Gaussian derivative kernels have been used because these are
integrated differentiation/smoothing kernels with a constant basis. The reason
we have used the Sobel derivative kernel is that it is a compact kernel with a
small temporal support (3 frames), so that less frames are necessary.

& Uras et al. algorithm [153]. By considering only the second order derivatives
of I(x,t) (Ixx etc.) and ignoring first and all higher order derivatives, an
analytical solution can be found for v in (3). The image is divided into regions
and the most reliable estimate v for that region is selected. The derivatives are
obtained by convolution with a four-point central difference kernel as in [19].

¢ Fleet and Jepson algorithm [59]. This is not an optical flow algorithm in the
strict sense since it defines optical flow in terms of phase characteristics
instead of intensity characteristics. The optical flow is estimated from the
phase characteristics of the output R of a convolution of the image sequence
I(x,t) with complex-valued 2D+time Gabor wavelets [58]. R is then
deconvoluted to decompose the image sequence into component velocities
according to scale, magnitude and phase. An over-determined system of
equations is formed by constraining the frequency variation and amplitude of
these components. A linear regularity constraint is placed on this system, to
estimate v by least squares minimization. Because the implementation by
Barron et al. [19] contains many additional constraints on the system of
components, we have followed their implementation closely.
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&  Singh and coworkers algorithm [140]. This algorithm is not a true optical flow
algorithm either because it computes v as the shift of pixel regions. In the first
step, velocities are estimated by minimizing a distance measure, the sum of
squared differences. The central part of the resulting matrix is then centered
around its minimum and converted into a probability distribution. The
subpixel velocities v, are then computed from the mean of this distribution.
We have again followed the implementation by Barron et al., closely.

The algorithms were implemented as classes in the Java language. A package with

o

g £ 3|2
N < g2

A Nonlinear diffusion 1 | Nonlinearity of diffusion process

i Nonlinear diffusion 10 | Number of recursions

K Nonlinear diffusion 2.0 | Diffusion coefficient
0s | Lucas and Kanade, Uras 1.5 | Spatial scale of Gaussian smoothing/derivatives
a; | Lucas and Kanade, Uras 0.5-1.5 | Temporal scale of Gaussian smoothing/derivatives
g, Lucas and Kanade 1.0 | Spatial scale of Gaussian regularization kernel

T Lucas and Kanade 1.0 | Reliability threshold (floor of eigenvalues)

4} Uras 1,2 or 8 pixels | Size of regularization region

T Uras 0or 1 | Reliability threshold (floor of largest eigenvalue)
s Fleet and Jepson 0.83, 1.5 0or 2.0 | Spatial scale of Gabor filter envelope

a; Fleet and Jepson ggiz(? g:rrnn::g Temporal scale of Gabor filter envelope

T Fleet and Jepson 2.5 | Combined frequence/amplitude threshold

resid Fleet and Jepson <<0'25_0(2(; szgzg Residual error of LSE for optical flow vector
maxamp Fleet and Jepson 00035(2(; ;:gmgz; Minimum Gabor filter response amplitude

N Singh 4 pixels | Maximum displacement per frame

g Singh 1.5 | Standard deviation for difference of Gaussians

T Singh 1.0-10.0 | Reliability threshold for step 1

n Singh 2 | Step 1 window size (2n+1)

w Singh 1or2 | Step 2 window size (2w+1)

i Singh 10 | Step 2 number of iterations

Table 1. Summary of parameters and values used. For details, refer to [19].
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Ammi™ right

Figure 3. (left) Color space of dynamic color mapping and (right) two moving blobs with
optical flow magnitudes of 1 pixel/frame in the direction indicated by their respective
arrows.

these implementations is available at “http://www.isi.uu.nl/people/michael.”

4. PERFORMANCE AND ACCURACY MEASUREMENT

The true motion field v, is known for the simulated and motion controlled
sequences. Following Barron et al. [19], the estimated optical flow vector v will be
compared with this gold standard through an angular error measure:

Y = arccos(v,,, [V) @

ref
where ( denotes angular error (reported in °) and v, the true motion. This error
measure combines errors in both orientation and magnitude in a single number.

We define the density as the number of reliable flow vectors divided by the
total number of pixels in an image. Reliable flow vectors are the estimates that are
above the threshold 7 (see Table 1). Densities are shown for pixels where the
magnitude of the true flow vector ranges from zero to three pixels per frame,
because motion in the orbit is not expected to exceed this range and flow was
found not to be reliable out of this range.

For the true orbit sequences, v, is not known which prevents a quantitative
evaluation. Performance was evaluated by qualitative comparison of the dynamic
color mappings of the computed flow fields of orbital MR sequences.

5. DYNAMIC COLOR MAPPING

The computed flow fields are displayed using a mapping technique displaying all
flow vectors as colored pixels over the original MR frame [7]. Thus, a multi-
modality image is obtained that combines functional (motion) and anatomical
information in a single image. We have chosen to use a color mapping instead of a
quiver or feather format to avoid visual clutter where flow information is dense.
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Hue and Saturation of the HSV (Hue, Saturation, and Value) [29;61] space are
used to code the orientation and magnitude of the flow vector, respectively. The
main axes of orientation are thus represented by complementary color pairs: blue-
yellow for anterior-posterior (90° - 270°) and green-red for right-left (0° - 180°).

Orientations that are not on these axes are represented by mixings of hues.
Because higher magnitudes are coded by more intense colors, flow-vectors with
higher velocities are easier to discriminate, while lower velocities will show pastel
colors. A similar technique to display 3D gravitational fields was described by
Hall [74]. The resulting mapping is as follows:
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Figure 4 Relation of the orientation of the flow vector Va to the red, green and blue
components of the pixel p(s). Note that the total brightness (red + green + blue) around
270° is higher than 1.0, to avoid mapping those orientations to brown instead of yellow.

with

||v|| =4 vi +vy? the magnitude of flow vector v

k,, =a constant that influences saturation

. Vy
Vg = arcsm(M

p the maximum displayable magnitude of v

), the angular orientation of v

¢, = I+ 1-cos(2va) a
3
p(s) = [red(s), green(s), blue(s)]T the RGB values of the pixel at s.

yellow correction' factor

Figure 3a presents an example of a mapping of the corresponding color space
for all velocities with ||v|| in {O p} and va in{ 0°... 360}’ , and an

example of two moving blobs that shows how both magnitude and orientation are
coded by a single color. The relation between v, and RGB-values is shown in
Figure 4. In this study, k,, was 1.0 (linear mapping), and p was 3.0 pixels/frame
except where indicated. The original MR signal intensity gray-value image is
shown if the flow vector is zero or unreliable.

6. EXPERIMENTAL RESULTS

This section reports on the quantitative performance of the different techniques and
shows the flow fields obtained in color-coded images as described above.

The error estimates and densities given in the text and the tables apply to the
sequences measured: other sequences gave similar results. Processing times for the
different algorithms in pixels/second are shown in Table 2. These timings were
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pixels | SteakSynth 150x150 | SteakMR 150x150 | OrbitMR 256x256

(frames) (< 21 frames) (9 frames) (9 frames)

Lucas and Kanade 8.9k 7.6k 6.7k
Uras et al. 6.4k 5.6k 5.8k

Singh 61 59 58

Fleet and Jepson 54 36 72

Table 2. Summary of typical processing times (pixels/s) using JDK 1.1.8 and Celeron
400MHz processor.

obtained under the Sun Java Runtime Environment 1.3 (http://www.sun.com), on a
PC with a 400MHz Celeron processor.

A) Simulated sequences
We have tested the four techniques on the simulated sequences, with lengths of
both 21 and 9 frames. Table 3 summarizes the main results of the four techniques
for the long simulated sequence of 21 frames. Figure 5a-d shows the
correspondence between true and estimated magnitudes (up to 4.0 pixels/frame), as
a function of flow magnitude in the form of densities for the different techniques.
A diagonal distribution would be obtained in case of optimal correspondence.

>
S
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s | B o

S) (5] 2

g | 3 S

g I 5

S < () Q
Lucas and Kanade (CD4P, 0=1.5, 7=1) | 15| 10.4° | 8.6°[ 55.0%
Lucas and Kanade (CD4P, o=1.5, 7=5) [ 15| 8.7°[ 5.6°| 21.4%
Lucas and Kanade (non-linear diff, CD4P, 7=5) | 15| 11.4°| 8.5°| 12.1%
Lucas and Kanade (Sobel, 0=1.5, ==5) | 13| 9.3°| 7.0°| 36.2%
Lucas and Kanade (Gaussian differentiation, 0=1.5, 7=1) | 13| 8.4°| 5.3°| 20.6%
Lucas and Kanade (Gaussian differentiation, 0=1.5, =5) | 13| 8.4°| 5.1°| 16.4%
Uras (0=1.5, =1, w=2) | 15| 19.1° [ 17.1° | 31.2%
Uras (0=1.5, =1, w=8) | 15| 20.9°| 15.8°| 30.3%
Uras (0=1.5, =0, w=2) | 15 | 29.6° | 28.6° | 100.0%
Uras (non-linear diff, =1, w=2) | 15 | 38.3° | 31.5° | 62.2%
Fleet and Jepson (0=2.0, 1=2.5,resid <0.5) | 21| 7.8°] 10.0°| 49.9%
Singh (step1 only, n=2, N=4,1=0) | 3] 26.1°|33.4°| 70.8%
Singh (n=2, w=2, N=4, t=6.8) 29.4° | 36.4° | 66.9%

Table 3. Summary of results for long simulated sequences SteakSynth. n = number of frames
for support.
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Lucas and Kanade (CD4P, o.=1.5, 0:=0.83, 1=1 11.9°| 9.4°[61.1%

19.8° [ 14.4° | 66.2%

9.9°| 7.1°]40.3%
10.5° | 7.7° | 42.9%

9.7°| 6.1°]22.9%
19.4° | 18.0° | 39.6%
59.3° | 13.2° | 76.7%
12.1° | 13.6° | 19.3%
26.1° | 33.4° | 70.8%

Lucas and Kanade (CD4P, 0,=1.5, 6,=0.3, 1=1

Lucas and Kanade (Sobel, 0,=1.5, g=1.1,1=1

Lucas and Kanade (Gaussian differentiation, 0,=1.5, gi=1.1, 1=1

Uras et al. (0,=1.5, 6,=0.83, 1=1, =2

Fleet and Jepson (0=0.83, 1=2.5, resid < 2.0, maxamp 0.02

)
)
)
Lucas and Kanade (Sobel, 0,=1.5, 6=0.83, 1=1)
)
)
)
)

Fleet and Jepson (0,=2.0, 0:=0.83, 1=2.5, resid < 0.5, maxamp 0.05
Singh (step1, n=2, N=4, t=0)

w |o [0 |o [~ |~ o |~ o |7

Table 4. Summary of results for short simulated sequences SteakSynth. n = number of
frames for support.

The Lucas and Kanade algorithm often under-estimates magnitudes (5a),
although estimated magnitudes are quite accurate up to 3.0 pixels/frame. Uras (5b)
shows clustering of magnitudes around specific values because of the
regularization. The Fleet and Jepson algorithm is closest to the diagonal optimum
for these simulated sequences (5c¢). It is clear from (5d) that the Singh algorithm
has problems with subpixel velocities, so that estimates are clustered around
specific magnitudes.

The true flow field and the four flow fields with the best performance on this
sequence for each algorithm are shown in Figure 6b-f. The Lucas and Kanade
algorithm performs well, with a good density, as shown in Figure 6¢. There was
little influence (for these sequences) of the type of derivative computation on
performance (central difference 8.7°+5.6°, Sobel 9.3°+7.0° and Gaussian
8.6°%5.6°, see Table 3).

Y is much lower if the threshold 7 is increased, which reveals the trade-off
between accuracy and density. Non-linear diffusion pre-filtering decreased
performance (to 11.4°+8.5°) at lower densities. The performance of the Uras
algorithm was inferior to that of the Lucas and Kanade algorithm. A region size of
w=2gave the best performance. Increasing the regularization region did not
noticeably influence performance, but resulted in a lower spatial resolution of the
flow field (Figure 6d). Non-linear diffusion filtering decreased performance (from
19.1°£17.1° to 38.3°£31.5°, see Table 3) for this algorithm, but the density
increased. The Fleet and Jepson algorithm had the best performance on these long
sequences with (U slightly smaller than the Lucas and Kanade algorithm, and
higher densities (Figure 6e). The Singh algorithm had the worst performance
(Figure 6f). We were unable to substantially improve performance for this



OBJECTIVE QUANTIFICATION OF THE MOTION OF SOFT TISSUES IN THE ORBIT 55

>
S

=N
o ° =
> ] I=
o 2 g
N 8 )
< < ) Q
Lucas and Kanade (CD4P, 0:=1.5, 6:=0.83, 1=1) 91 16.7° | 13.5° | 59.7%
Lucas and Kanade (CD4P, o,=1.5, 0:=0.4, 1=1) 7 | 22.3°| 17.5° | 38.5%
Lucas and Kanade (non-linear diff, CD4P, 1=5) | 9| 26.8°|21.2° | 57.2%
Lucas and Kanade (Sobel, 0,=1.5, 6:=0.9, 1=1) 7114.6°[10.8° | 41.3%
Lucas and Kanade (Gaussian differentiation, 0.=1.5, 0,=1.2, 1=1) 7115.7° [ 12.3° | 24.7%
Lucas and Kanade (Gaussian differentiation, 0.=1.5, g,=1.2, 1=5) 7(112.9°| 7.9°]19.1%
Uras (0,=1.5, 0,=0.83, 1=1, w=2) | 9| 27.6° | 26.2° | 43.1%
Uras (0s=1.5, 0,=0.4, 1=1, w=2) | 9| 58.7° | 41.4° | 38.0%
Uras (non-linear diff, 1=1, w=2) | 9| 27.7° | 25.6° | 43.1%
Fleet and Jepson (0=0.83, 1=2.5, resid < 2.0, maxamp 0.02) | 9| 79.9° | 47.4° | 32.7%
Fleet and Jepson (0s=2.0, 6i=0.83, 1=2.5, resid < 0.5, maxamp 0.05) | 9] 41.2°) 30.3° | 3.4%
Singh (step1, n=2,N=4,1=0) | 3| 67.8° | 44.1°| 95.7%

Table 5. Summary of results for (short) motion controlled SteakMR sequence. n= number of
frames for support.

algorithm by changing the threshold 7, w or N. The second stage was of no help in
improving (.

The optical flow constraint equation (2) assumes that the denominators of the
derivatives 0r,0x and dy have the same order of magnitude. Flow magnitudes

larger than one pixel/frame may threaten this assumption. We have tested whether
this assumption still holds at flow magnitudes up to three pixels per frame. Both
decreasing 0t by a factor of 3 (by inserting 2 intermediate subframes between

frames) and increasing Ox and dy by a factor of 3 (by scaling the frames) did not

appreciably influence performance of the algorithms on the 21 frame simulated
sequences.

Table 4 summarizes the results on the short simulated sequences of nine frames
for true flow vector magnitudes up to three pixels per frame. The Lucas and
Kanade and the Uras algorithms are robust in the face of a lower temporal support
and show only slightly decreased performance. Gaussian derivatives again gave a
small advantage (9.7°+6.1°) over other types of derivative computation (as
expected).

Non-linear diffusion filtering did not have an impact on these results. The Fleet
and Jepson algorithm now shows inferior performance and density compared to
the previous two algorithms, and is more sensitive at shorter sequence lengths.
This is related to pushing the temporal frequency of the Gabor wavelet envelope
close to its Nyquist frequency. Relaxing the constraints on the normal components



56 OBJECTIVE QUANTIFICATION OF THE MOTION OF SOFT TISSUES IN THE ORBIT

| Luca= ard Eansds 1 Uiras | Flisal sand Jiageacin " Bangh

=L AT o TR

a 1 1 1 o d a 4 n ] 1 1
il Ry | R = wme iy | ke e W ol T s A ] Wl Y | Pl WA

Figure 5. Relationship between true velocities (horizontal axis) versus estimates (vertical
axes) for a simulated sequence SteakSynth 21 frames. a: Lucas and Kanade (0=1.5, 1=1.5,
0,=1.0); b: Uras (0=1.5, 1=1.5, w=2); c: Fleet and Jepson (0=2, 1=2.5, residuals < 0.5); d:
Singh (step 1 only, n=2, w=2, N=4, 1=6.8).

did not improve performance. The Singh algorithm has a temporal support of only
three frames, and therefore performance is unchanged in comparison to sequences
of 21 frames.

B) Motion controlled sequences

Table 5 summarizes the main results of the four techniques on the motion-
controlled sequences with a length of nine frames for true flow vector magnitudes
up to three pixels per frame.

The true flow field and the four flow fields with the best performance for each
algorithm are shown as color-coded images in Figure 7. The Lucas and Kanade
algorithm (7a) again had the optimum performance here, with reasonable accuracy
and relatively high densities. The best results were obtained if the derivatives were
computed using Gaussian derivative kernels (12.9°+7.9°). Computation of the
derivatives using the 2D+time Sobel kernel (14.6°+10.8°) and especially the four-
point central difference kernel (16.7°+13.5°) gave results that were not as good.

The Gaussian derivative and Sobel derivative kernels needed only seven
frames (instead of the nine that were available) to obtain this performance
(increasing the scale so that nine frames were used did not improve performance).

The performance of the Uras algorithm (7b) was not as good, which can be
attributed to the higher sensitivity of second order derivatives to noise and aliasing
present in measured MR sequences. Performance was again slightly worse with
non-linear diffusion filtering than with Gaussian pre-filtering.

The Fleet and Jepson algorithm (7c) is not robust. This is due to the sensitivity
to noise and the variability of phase to different orientations of the tissue to the MR
gradient field. This lack of robustness is not solely due to the shorter sequence
length since performance was much better on the simulated sequences of nine
frames. The decreased performance of the Singh technique (7d) must be related to
non-isotropic MR noise. Non-linear diffusion filtering did not improve
performance for this algorithm.
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Trua motion Lucas-Kanadea

Figure 6. a: simulated and motion controlled sequences central frame; b: true flow field;
c-f: estimated flow fields for simulated sequence of 21 frames; c: Lucas and Kanade
(o=1.5, 1=1.0, 0,=0.8); d: Uras (0=1.5, 1=1.0, w=2); e: Fleet and Jepson (0=2, 1=2.5,
residuals < 0.5); f: Singh (step 1 only, n=2, w=2, N=4, 1=6.8).

C) Real orbit sequences
The true flow field in the orbit is not known for real orbit sequences, so the
performance of the different techniques cannot be measured objectively. Therefore,
we show the flow fields of the human orbit estimated by each technique in Figure
8.

The various parameters have been set to values that gave optimum
performance on the simulated and phantom sequences. The images are as seen
from below, i.e. left is right, and top is front. The subject was gazing from right to
left in the horizontal plane, and the flow is measured in the 0° position (gaze
straight ahead). p = 3pixels/frame, which means that a fully saturated pixel is
moving 0.26 mm for every degree change in angle of gaze. All velocities given are
approximations averaged over the specific tissue. The Lucas and Kanade algorithm
gives the best flow fields (8a), with the Uras technique (with w=2) a close second
(8b). Larger w are useless for our purposes, as is shown in Figure 7c, a flow field
estimated at w=8. The fields obtained with the Fleet and Jepson and Singh
algorithms are practically useless. The flow fields shown have been estimated with
parameters set to relax the constraints for these algorithms: with the parameters set
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Figure 7. Estimated flow fields for motion controlled sequence of 9 frames; a: Lucas and
Kanade (0=1.5, 0,=0.83, =1.0, 0,=1.0); b: Uras (o,=1.5, 0,=0.83, 17=1.0, w=2); c: Fleet
and Jepson (0,=2.0, 0,=0.83, 1=2.5, residuals < 1.0); d: Singh (step 1 only, n=2, w=2,
N=4, 1=6.8).

as in the review by Barron and coworkers [19], no flow vectors could be estimated
for both algorithms.

The following discussion of the content of the flow field concerns Figure 8a
and 8b only. The lens moves to the right (green, 0.25mm/°), the medial rectus
muscle of the right eye which is relaxing moves forward (yellow, 0.15mm/°) and
the insertion of the lateral rectus muscle of the right eye which is contracting
moves backward (blue, 0.12mm/°), while the muscle itself is moving posterior and
to the left (purple).

The optic nerve of the right eye is dragged by the eyeball and moves to the left
(red, 0.14mm/°). Its anterior portion has the largest motion (most saturated red,
0.18mm/°). Similar motion can be seen in the left orbit. Because the subject
follows his gaze by slightly turning his head, some flow is estimated in the rest of
the head (< 0.05mm/°). The orbital fat just back of the eyeball has a very intricate
motion, and is following the optic nerve in some regions (reddish), while in other
regions it is moving anteriorly or posteriorly. This is probably related to its three-
dimensional expansion and contraction. Around the junction of the optic nerve to
the eyeball, where adjacent pixels move in three different directions, the
smoothness constraint imposed on the regional velocity field limits resolution of
such flows.
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Figure 8. Estimated flow fields for real orbit OrbitMR sequence of 9 frames; a: Lucas and
Kanade (o,=1.5, 0,=0.83, 1=1.0, 0,=1.0); b: Uras (0,=1.5, 0,=0.83, 1=1.0, w=2); c: Uras
(o=1.5, 0,=0.83, =1.0, w=8); d: Fleet and Jepson (0,=2.0, 0,=0.83, 1=10, residuals < 5.0);
d: Singh (step 1 only, n=2, w=2, N=4, 1=8.0).

7. DISCUSSION

In order to quantify orbital soft tissue motion in an objective manner, this chapter
compares the performance of several optical flow algorithms on T1 weighted MRI
sequences of the orbit. Owing to the clinical constraints, these sequences are
typically short, noisy and aliased. The algorithms evaluated are the differential
algorithms by Lucas and Kanade [101], Uras et al. [153] and Fleet and Jepson
[59], and the regional matching algorithm by Singh [140]. The algorithms have
been tested on long (21 frames) and short (nine frames) simulated sequences of
rotation of an MR imaged object, on short measured MR sequences of controlled
rotation of the same object and on short MR sequences of the human orbit.
Dynamic color mapping, a color-coding mapping algorithm, was introduced to
display the flow fields by mapping the (two-dimensional) flow vectors to the color
of a single pixel. Our results indicate that:
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The Lucas and Kanade algorithm is more robust in the face of sequence length
and MR anisotropy, especially if Gaussian derivatives are used. Motion can be
estimated in measured MR sequences of seven frames with an angular error of
less than 13°. On short sequences, and long MR sequences the algorithm’s
density and accuracy are better than that of the Fleet and Jepson algorithm,
contrary to the results in [19]. Only on the long simulated sequences did the
Fleet and Jepson algorithm show the best performance. The performance of
the Uras algorithm was inferior to the Lucas and Kanade algorithm. Zientara
et al. [165] have combined the estimates of the Uras and the Lucas and
Kanade algorithms to improve the flow field estimation. We see no use for
this, as the average error of the Uras algorithm is everywhere higher than that
of the Lucas and Kanade algorithm. While the Singh algorithm is theoretically
attractive because it has a temporal support of only three frames, its
performance was disappointing due to its sensitivity to noise and partial
volume effects, even at displacements larger than 1 pixel/frame. As far as
processing time is concerned, the Lucas and Kanade and Uras algorithms were
on average a factor of 100 faster for a 256x256 pixel format than both the
Fleet and Jepson and the Singh algorithms. We found non-linear diffusion
filtering not to be useful to improve the performance of any of these four
algorithms for our purposes.

Dynamic color mapping shows all flow vectors without cluttering, in contrast
to the hedgehog, quiver and arrow methods in common use. It is possible to
evaluate the full flow field, and this has been of help for our purposes in
making a qualitative assessment of flow field quality if the true flow field is
not known.

Using a combination of cinematic MRI and optical flow computation, the
motion of soft tissue in the orbit can be predicted to within an angular error of
13° in sequences of seven frames, corresponding to an error in orientation and
magnitude substantially below 20%. The true optical flow field in the orbit is -
as stated previously - unknown, and was in fact the inspiration for the
technique described in this article. Hence, the objective quantification by
optical flow computation can only be validated by clinical use, but our results
validate the choice of techniques, at the very least [7].

Soft tissue motion in the orbit ranges between 0.0 to 0.25 mm/° of gaze
change, depending on the type of tissue and the position of the tissue relative
to the globe. Occlusion effects due to shear are difficult to detect using any of
these four algorithms and are a subject of future research.
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Computation and visualization of three-
dimensional soft tissue motion in the

orbit
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This chapter presents a method to measure the soft tissue motion in 3-D in the orbit during gaze. It has
been shown that 2-D quantification of soft tissue motion in the orbit is effective in the study of orbital
anatomy and motion disorders [3]. However, soft tissue motion is a three-dimensional phenomenon,
and part of the kinematics is lost in any two-dimensional measurement. Therefore, T1-weighted MR
volume sequences are acquired during gaze, and soft tissue motion is quantified using a generalization
of the Lucas and Kanade optical flow algorithm to 3-D. New techniques have been developed for
visualizing the 3-D flow field as a series of color-texture mapped 2-D slices or as a combination of
volume rendering for display of the anatomy and scintillation rendering for the display of the motion
field. We have studied the performance of the algorithm on (4-D) volume sequences of synthetic
motion, simulated motion of a static object imaged by MR, an MR imaged rotating object, and MR
imaged motion in the human orbit during gaze. The accuracy of the analysis is sufficient to characterize
motion in the orbit, and scintillation rendering is an effective visualization technique for 3-D motion in
the orbit.

1. INTRODUCTION

It has been shown that the objective measurement of the motion of orbital soft
tissue can improve the diagnosis and management of orbital disorders, and may
shed new light on the kinematics of orbital tissue [3;7]. In these studies, a
technique was introduced that uses cinematic MRI and optical flow computation of
the motion field. This technique was limited to two dimensions. However, any
technique based on two-dimensional (2-D) optical flow computation can only
estimate the motion projected in the imaging plane. Since soft tissue motion and
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deformation is intrinsically three-dimensional (3-D) in nature, 3-D quantification
may be beneficial. Problems for which 3-D quantification may be useful include
the measurement of intraconal fat kinematics [96], measurement of muscle
kinematics [41] and elucidation of the effect of muscle pulleys [113].

This study introduces a method to measure quantitatively and visualize 3-D
motion and deformation. The method is based upon fast cinematic (cine) 3-D
volumetric TI1-weighted Magnetic resonance imaging (MRI) in which
hypervolumes (time series of volumes) are acquired during horizontal and vertical
gaze. The three-dimensional motion present in the hypervolume is then analyzed
with a 3-D optical flow algorithm. The algorithm is a 3-D generalization of the 2-
D Lucas and Kanade optical flow algorithm, that was found to have the best
performance on MR images [3]. A motion-to-color mapping was shown to be
effective to visualize a 2-D-motion field in a small space [3], and this approach has
been extended to create colored-textures that reflect the magnitude and orientation
of the flow field in 3-D space. Other approaches to measure the motion in 3-D cine
MRI sequences have been described, such as Cine Phase Contrast (PC) MR [134]
and MR-tagging [164]. Cine PC MRI utilizes the phase changes of the MR signals
due to tissue motion [15;52;123]. It can only determine relatively regular and large
motion fields, and is less attractive to determine small-scale non-translational
motion, as in this application. Human heart motion has also been successfully
estimated with MR-tagging. The grid formed by such tags is sparse in comparison
to the size of the orbit and only a few tags would cover the orbital tissues allowing
only rough estimates of motion. These methods thus seem less attractive to
measure motion in the orbit.

A limitation to the proposed method is that cine MRI requires active
cooperation from the patient. Since the main reason to undergo cine MRI is double
vision or another ocular motility disorder, the number of MR acquisitions and the
time allowed for them is necessarily severely constrained. This limits both the
resolution of the volume and the number of volumes that can be acquired per
motion sequence.

The purpose of this chapter is to quantify 3-D motion and deformation of soft
tissues in the orbit objectively. To this end, 3-D optical flow computation and 3-D
motion visualization are introduced as techniques to analyze and present the
measurement results. In view of the constraints outlined above, a side objective of
the study is to establish whether the optical flow fields thus obtained are of
sufficient quality to be clinically useful.

2. METHODS

A) MR volume acquisition

Cinematic MRI (3-D+time) hypervolumes were obtained using the following
protocol. Gradient echo T1-weighted volumes were acquired on a 1.5 T MR
scanner (Philips NT) using a head-coil with the following settings: Turbo Field
Echo, Echo Time (TE) 4.598 ms, Repetition Time (TR) 9.36 ms, flip angle 20
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Figure 1. Single slices from single volumes of the three objects imaged for this chapter. a.
Single slice from single volume from Cube hypervolume (60x60x60x25). b. Single slice
from SteakMR hypervolume (256x256x40x25, central portion shown). c. Single slice from
OrbitMR hypervolume (256x256x23x9). d. Slice from OrbitMR Volume of Interest selected
for motion estimations (180x50x23x9).

degrees, matrix 256x256x40, resulting in a voxel size of 0.8x0.8x2.0mm and an
acquisition time of 15s per single volume for a single fixation position. The T1
relaxation times were coded as signal intensities and the hypervolumes stored in
DICOM 3.0 format as series of separate consecutive images.

B) Simulated, measured hypervolumes
Since the true 3-D motion field in the orbit is unknown, simulations and MR
measurements of controlled motion of an object were used to compare the flow
field estimates with known motion fields. Simulated sequences were created by
translating (at different velocities) a cube in 3-D space, and obtaining
60x60x60x25 hypervolumes of the resulting motion sequence. We chose one of
these for this study, called Cube.

Motion-controlled MR measured hypervolumes were obtained by rotating a
sirloin steak in a transparent box fitted with an angle ruler as in [3] in the MR
scanner bore. The phantom was manually rotated 5 degrees per frame, and
256x256x40x25 hypervolumes of the resulting motion sequence were obtained.
We chose one of these for this study, called SteakMR.

In addition, a single MR volume of the sirloin steak was synthetically rotated 5
degrees per frame using (tri-)linear interpolation, resulting in a 256x256x40x9
hypervolume of the resulting synthetic rotation sequence. We chose one of these
for this study, called SteakSynth.

In the orbit, soft tissues undergo both rigid motion and (non-rigid) deformation.
However, it is very difficult to evaluate experiments with deformation. This is
because the deformation field cannot be objectively measured so as to provide the
gold standard for the optical flow estimates. Therefore, we have synthetically
simulated the three-dimensional deformation of a single MR volume of the sirloin
steak, which resulted in a sequence called SteakDeform. The deformation
simulated the impression of a rigid body (a ball of 3.0mm) into the top of the steak,
with the bottom of the steak being held fixed against a rigid plane over its entire
width and being unrestrained at the sides. The ball impressed with 1.2mm/frame.
Tri-linear interpolation was used.
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True orbital soft tissue motion hypervolumes were obtained by having a
healthy subject fixate on sequential marks placed at 8 degrees intervals along
horizontal and vertical lines on the inside of the scanner bore. Each hypervolume
thus acquired consists of a sequence of volumes (256x256x23x9) of the resulting
horizontal and vertical gaze motion sequences, and each volume corresponds to a
single gaze position. Three subjects were studied and we chose one of these
sequences, called OrbitMR.

Single slices of a single volume of each of the sequences are shown in Figure
1.

3. OrTICAL FLOW COMPUTATION

A) Background

The optical flow field is a vector field that expresses the kinematic relationship
between local 2-D or 3-D image samples [60]. Optical flow algorithms use the
spatio-temporal patterns of these image or signal intensity samples to estimate the
motion field. Optical flow computation has been used by several researchers for 2-
D motion studies of MR sequences [11;47;51;165]. The Lucas and Kanade first
order differential algorithm is the most robust estimator of 2-D motion in MR
sequences [3]. The starting point of optical flow computation is the Optical Flow
Constraint Equation [60;78]:

dl(x,t)/dt =0 (1)
where I(x,t) is the (possibly pre-filtered) signal intensity series at location x and
time ¢, and dI/dt the total derivative of I. (1) expresses the assumption that
structures do not change in signal intensity as they move. To make the optical flow

vector v explicit in the three-dimensional case, (1) can be expressed in terms of
first order partial derivatives as:

ix,tdw 1 (x,tF 0 2

with UI(x,¢) the gradient of 1, and /,(x,t) =

9L(x.1) , the partial derivative of I(x,t)
t

with respect to time. This is one equation with three unknowns, the components v,
vy and v, of the 3-D flow vector v. Thus, this equation defines a plane for the
normal component of the 3-D velocity vector. To solve (2) for v, two additional
constraints need to be introduced.

B) 3-D Optical flow algorithm
Lucas and Kanade over-constrained the 2-D version of (2) by assuming the flow to
be regular over a small neighborhood. The 2-D motion vector can then be
estimated by linear optimization from the over-constrained system of equations.
By weighting the equations for this neighborhood with a Gaussian, the influence of
neighboring (normal) flow vectors on the estimate is increased relative to that of
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vectors that are more distant. By generalizing this approach to three dimensions,
the 3-D motion vector v is estimated from a system of equations (each of the form
of (2)) for the neighborhood Q :

AV =b ©)
where, forx; = 1... m, x;.1Q,
Ijl (X1 I LX) L(x. t)[l
D[ (x,.1) 1 (x2 )y 1 (x2 t)D
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The system is weighted on both sides with a 3-D Gaussian W with standard
deviation (of the associated probability function) o,:

WAV =Wb (€]
where, forx; = 1... m, x;,0Q,

W = diag{W (x)),W(x,)...W(x, }

The optimum solution for V in (4), in a least squares sense, is obtained using the
pseudoinverse [29]:

V =[WA] Wb 5)

where
[WA]™ = pseudoinverse of [WA].

Provided ‘ HATWAE ‘ # 0, the pseudoinverse is identical to the least-squares

inverse E&TWAQI A" . It can be found efficiently in closed form:

Eg W), gW(x)IXI) mZW(X)I I D
ATWA = %W(x)lxly gW(x)I EQZW(X)I I, D (6)
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with I,=1(x,?) etc., so that
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with =, = %{W(X)Ix (x,01, (x,t)} , so that V can be evaluated analytically. This

~1
is important for an acceptable performance, since otherwise H&TWAQ A" would

have to be computed iteratively.
In the discrete case, the partial derivatives of I, I,, where i D{x, y,z} , are of

dimension length™, so that the derivative products of the matrix in (6) have
dimension length™ . The eigenvalues A;, A, and Az, with A;> Ay> As, of (6) form a

metric for the regularity of the (gradients in the) neighborhood Q and are used as a
reliability index as in [19]. If A; is larger than a threshold 7 (of dimension
length_2 ), the flow in Q is assumed to be regular in 3-D, and v is assumed to be

reliable. If A, is larger than T, but not A3, the flow in Q is assumed to be regular in
two dimensions only, and the normal of v is obtained by projecting the result of (5)
onto the eigenvector associated with A; (the largest eigenvalue).

Many structures in the orbit do not have a 3-D texture, but a predominantly 2-
D texture, such as blood vessels and nerves. If strict 3-D regularity is imposed on
the motion of these structures, the normal of v cannot be used to give an indication
of the motion.
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C) Derivative computation
The quality of the optical flow field computed by the above method depends on the
ol dI ol ol .

accuracy of the partial derivatives —,—,—and—in (2), which are obtained
Ox 0y 0z ot

from the (discrete) motion sequences [19]. As mentioned above, due to the clinical
constraints, the hypervolumes that contain the 3-D MRI motion sequences are
aliased both spatially and temporally. In [3] we have examined the 2-D
performance of three forms of derivative computation, using central difference
kernels, Sobel 2-D+time derivative kernels and Gaussian derivatives. In that study,
Gaussian derivatives [120] were found to have the best performance. The
continuous form of the Gaussian derivative kernel is given by:

2 2
x X

G()=e¢ 2 and G'(r) = —= re @ ©)
g

The temporal and spatial components of the scale 0 of the Gaussian and its
derivative in (9) were separated as O; and 0; respectively, because the number of
volumes 7 in the sequence is low (typically nine). It is important to understand that
the main constraint in this application is the clinical limit on n. It might therefore
seem attractive to compute the derivatives using a 4-point central difference kernel
or a 4-D Sobel kernel (Table 1), since if no pre-smoothing is used, n = 5
respectively n = 3, are sufficient for these differentiation kernels. Indeed, these
two are often used in the literature on 2-D optical flow computation, see for
example [19]. However, in the 2-D case, their performance without prefiltering
was found to be very low as a consequence of aliasing [3]. Performance might be
improved by pre-smoothing with a Gaussian, but the temporal scale O; of the
smoothing kernel is then limited by n in the manner explained above. At a given
sequence length n, the maximum of the temporal scale g, for a specific Gaussian
derivative kernel (if the derivatives are computed using Gaussian derivatives) or
Gaussian smoothing kernel (if they are computed using 4-point central difference
or Sobel operators) is limited to O

tmax *

n-1

o (Gauss) =——
o ) 5

o (Sobely="=3

max

n—-5

o, (CD)=

ie.,ifn=9, g

max (Gauss) =1.33..., O (CD) =0.66... We
have looked at the effect of the scale o, (at given n) on the performance of the
optical flow algorithm with Gaussian derivatives, and also compared the
performance of the three derivative operators described above at given n, with

o, . computed as in (10).

(Sobel) =1 and O

fmax tmax

fmax
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The 4-D Sobel kernel is given in Table 1. The algorithms were implemented in
the Java language. A package with these implementations is available at
“http://www.isi.uu.nl/people/michael.” (please observe copyright and disclaimer
statements).

4. PERFORMANCE AND ACCURACY MEASUREMENTS

The true 3-D motion field v, is known for the simulated and motion controlled
sequences. The estimated 3-D motion vector v is compared to Vv, through an
angular error measure, by a trivial generalization of the error formula of Barron et
al. [19]:

Y =arccos(V,,, ¥) (11)

where (U denotes angular error, the difference in angle between correct and
measured flow vectors (reported in degrees), * denotes normalization, and v, the
true motion. This measure combines errors in orientation and magnitude in a single
number. We define the density as the number of reliable (i.e. if the smallest
eigenvector is larger than a threshold 1) flow vectors divided by the total number
of voxels in an image.

5. 3-D MOTION VISUALIZATION

A) Background

In order to interpret the three-dimensional optical flow fields in relation to the
anatomy of the orbit, it is helpful to display the flow fields combined with a
contour surface of the underlying soft tissue anatomy.
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Table 1. 4-D ‘Sobel’ differentiation kernel.
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Figure 2. 2-D section visualization. Shown is the motion of the intraconal tissue around
the optic nerve in the apex of the orbit. (left) A: flow field displayed over static MRI of
the left orbit (coronal view). (right) B: schematic view of motion as explanation of A.
The colors of the arrows in B are made to correspond to the spotnoise colors of the
motion vectors in A. The green arrow indicates the motion of the optic nerve (the front of
the eye is gazing in the opposite direction), while the tissue in front of the optic nerve is
moving out of its way, and the tissue behind the optic nerve fills in the gap left behind.
See Figure 8 for the parameters.

We have used two methods: a stack of 2-D sections of the 3-D flow field laid
over the anatomy also shown as a 2-D stack, and a 3-D volume rendering of the
flow field combined with a rendering of the static anatomy volume. Visualization
of 3-D flow phenomena, as opposed to scalar volumes, is difficult and tends to
produce complex images with heavily overlapping geometry [109]. Occlusion and
depth ambiguities strain viewers’ abilities to interpret the motion data. For
example, arrow plots are generally not useful for three-dimensional flow, since
depth perception of one-dimensional objects (the arrows) is poor compared to
surface objects, and populating three-space with arrows easily produces
overloaded images. In addition, most approaches assume that the flow field is
locally regular and dense [17]. A visualization method was developed to display
the 3-D flow field of the motion of orbital tissues, and still allow the relation to the
underlying anatomy to be seen.

B) 2-D Section visualization
We have previously found that color classification of 2-D motion vectors is
effective in presenting the motion field in a compact manner, with both orientation
and magnitude of the flow vector displayed in a single pixel [3]. However, color
classification can sometimes make it difficult to see the orientation of the flow.
Spot noise [161] allows the visualization of regular and dense flow fields using
textures formed of random noise oriented along the orientation of the flow vector.
With this technique, the noisiness of the texture makes it difficult to show the
magnitude of the flow vector. By coloring the local texture using our classification
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scheme, the advantages of both of these techniques are combined. The texture is
formed by displaying two-dimensional elliptical Gaussians that are oriented in the
direction of the flow vector. The pixel intensities of the texture are multiplied with
the color resulting from classification of the magnitude of the flow vector at that
pixel. Thus, both the orientation of the collective motion of a tissue, and the
orientation and magnitude of the motion of each individual pixel are visualized.
See Figure 2.

C) 3-D Volume visualization

Particle visualization is a method whereby vectors are projected onto the image as
small blurred ellipses oriented along the (projected) direction of motion [161]. We
have adapted that method to show the flow field as a thinly transparent texture of
colored particles that we have called scintillations. These are then projected over a
surface rendering of the anatomical static 3-D MRI volume [17;98]. Thus, the
collective motion of a region of soft tissue can be appreciated as a texture, and the
individual motion vectors are still discernible.

The visualization proceeds as follows. While the static MRI volume is being
rendered (involving voxel interpolation, gradient interpolation, opacity, shading
and viewplane compositing computations [98;99] at all relevant volume locations),
the interpolated 3-D flow vector corresponding with each volume location is also
inspected. Only a jittered (i.e. pseudo-random on a grid) subset of vectors in the
flow field is visualized to avoid cluttering. If a flow vector is reliable (see above)
and to be visualized, the voxel at that location is not rendered. Instead, a
scintillation & is projected onto the viewplane. A scintillation is a small, colored,
elongated, oriented half-ovoid Gaussian with parameters &, its color, &, its shape
and &,, its opacity.

The color & of the scintillation is determined by classification of the 3-D
motion vector according to a 3-D generalization of the scheme adopted in [3]: the
color is cast into HSV (Hue, Saturation and Value) [29] space by coding the
magnitude |v| of the motion vector into the hue channel and the 2-D orientation
(along a specified axis in 3-D) into the saturation channel. Faster motion shows as
brighter colors.

The shape & of the scintillation is determined by classification of the 3-D
motion vector. The length of the half-ovoid is dependent on the magnitude |u| of
the 2-D projection of the flow vector v onto the viewplane. Faster motion thus
shows as more elongated scintillations. The elongation effect of the scintillation is
determined by a scaling factor g;. Only half of the resulting ovoid is shown. As |u]
approaches zero, the scintillations become round dots, the size of which is
determined by the standard deviation of (the associated probability function of) a
Gaussian,dy. The computation of & is as follows:
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Figure 3. Example of scintillations. (left) a. Texture formed by multiple scintillations.
The underlying motion field is a translation to the right (seen from the back) with an
average motion of 1.0 voxel/volume (frame). The hue and orientation of the scintillations
code for the direction of the flow vector, while the length of the half-ovoid and the
saturation of its color code for the magnitude of the flow vector. The background has
been made dark-gray and the underlying static object is not shown on purpose. (right) b.
Detail of scintillation. Shown are the parameters that define the shape of a scintillation
and its halo: gy, the size of the short axis of the half-ovoid (here, 0.4), o; the scaling
factor for the long axis and g the size of the short axis of the halo (here, 0.7).

U, =MV,

& =u;p, —u;p;

& =u;p, tu,p,;

0,=0,+0,|u (12)

0
oy
és(p”pj) =e ,if g, <0

. = 0 otherwise

where M = a 4x4 projection transformation matrix (relating homogeneous
voxel coordinates to projection viewplane coordinates), Vi, = (v, Vy, V,, DY e v
in homogeneous coordinates, Uy = (u;, uj, uy, u)' the projection of the motion
vector onto the viewplane (in homogeneous coordinates), & and &, the short and
long axes of the half-ovoid, & = the scintillation shape, p = (p; p;) a point in &, u
= (u, uj)T, 0, the standard deviation of a Gaussian determining the minimum
length and width of the ovoid, and g; a scaling factor determining the effect of U
on the length of the major axis of &;.

The opacity &, defines how transparent the scintillation is. If the flow field is
not sparse, depth differences between scintillations need to be accentuated to allow
individual scintillations to be discerned [81]. In order to accomplish this effect, an
opaque halo is rendered around every scintillation by manipulating the opacity, &,.
&, is a 2-D Gaussian with a standard deviation g}, that defines the length of its short
axis, with g;, > g;:
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Thus, a tiny dark opaque halo is created around a scintillation, to make
individual vectors discernible [50;90]. The approach is illustrated in Figure 3.

6. EXPERIMENTAL RESULTS

This section reports on the quantitative performance of the optical flow algorithm
and shows visualizations of the 3-D motion fields obtained. For these experiments,
the scale of the neighborhood Q, 0, was set to the spatial scale at which the
derivatives were computed or at which Gaussian smoothing was performed, i.e o,
= 0, 0, = 1.3 in all experiments described in this chapter while the voxel
dimensions are 0.8x0.8x2.0mm. Therefore, the scale of the neighborhood Q is
approximately 4.8x4.8x12.0mm, corresponding to the scale of the moving and
deforming structures in the orbit, that ranges from approximately 4-5Smm (optic
nerve cross-section) to 40mm (rectus muscle length) in size in any one dimension.
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Figure 5. Performance of the 3-D optical flow algorithm expressed as angular error { (in
degrees) as a function of the temporal scale 0, of the Gaussian derivatives, T = 5.

A) Synthetic sequences
The first experiment was designed to check the reliability of the 3-D optical flow

computation and compare its performance to that of the Lucas and Kanade
algorithm on the Square2 sequence (a simulated motion sequence formed of a

3

5 3
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<< (%) Q
=0 10.56°| 20.59°| 67.86%
t=1| 0.54°| 0.27°| 8.10%
1=5| 0.48°| 0.23°| 3.87%

Table 2. Performance on Cube using Gaussian derivatives at scale 0,=1.3 (in other

words, 9 volumes were needed in the sequence) at different thresholds 7. In all
experiments, 0,=0,~1.3.
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Figure 6. Scintillation rendering of the 3-D flow field of Cube combined with a rendering
of the cube itself. The cube is translating at (1.3, 1.3, 1.3) voxels per volume (to the
upper-right-back). Motion is visible only at the corners of the cube. Gaussian derivatives,
0=13,1=35.

blurred black square on a white background moving at (1.3, 1.3) pixels per frame)
as found by Barron et al. [19]. The Cube sequence was created as the 3-D
equivalent of Square2, and has a motion of (1.33, 1.33, 1.33) voxels per volume,
i.e. to the upper-right-back. (see Figure 1a for a single slice from a single volume).

Table 2 summarizes the performance of the algorithm on Cube using Gaussian
derivatives at different thresholds 7. The performance is comparable to that of the
Lucas and Kanade algorithm on Square2: at 71=1,the average error was
0.21°£0.16° (at a density of 7.9%) for Square2 [19], while for Cube it is
0.54°+0.27° (at a density of 8.10%).

As discussed above, an important constraint in this application is n, the number
of volumes in a sequence. We have studied the effect of n on the performance (i.e.
angular error () of the algorithm with Cube and compared the effect of using
Gaussian, central difference and Sobel derivative operators (the last two with
Gaussian smoothing) at the maximum scale d,,,, allowed by n (see Equation (10)),
as shown in Figure 4. With Cube, Gaussian derivatives for gradient estimation
perform superior to the others given n and have reasonable performance even at n
= 5 (when 0, =0.66...). We have also studied the performance of the algorithm,
using Gaussian derivatives, in terms of temporal scale space on the Cube sequence.
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SteakSynth SteakDeform SteakMR
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1=0 |7.55°|8.25°|77.92%|4.79°|8.34°|74.79%|18.43°|16.18°|97.00%
1=0.5 16.02°|11.41°[ 9.60%
=1 |4.29°(3.19°| 5.03%]1.76° 2.20°|30.05% 12.26°| 7.26°| 3.45%
=2.5 7.13°| 3.42°| 0.32%
=5 13.99°|1.65°| 0.09%]1.66° 2.53°|12.09% 3.91°| 1.66°| 0.01%

Table 3. Performance on SteakSynth, SteakDeform and SteakMR volume sequences with
n=9; Gaussian derivatives at temporal scale g,=1.3, for different thresholds 7. Because

for SteakMR the densities are so low at 7=5, results are also given for intermediate values
of 7=0.5 and 1=2.5.

See Figure 5. At a temporal scale 0,= 1.3, which corresponds to n = 9, the angular
error { is under 0.5°.

Figure 6 shows a visualization of the flow field of Cube combined with a
rendering of the cube itself. The 3-D motion vectors can be determined only at the
corners of the cube. The motion vectors show as blue-green scintillations, and due
to their halos, the flow vectors are separable, and also visible as a semi-transparent
texture.

B) MR simulated and measured sequences

It is important to understand that since densities are expressed as a fraction of all
voxels, densities of 0.1%-1% are actually not very sparse and still useful for this
application.

Table 3 summarizes the main results of the algorithm on the three sequences
using Gaussian derivatives at different thresholds 7.

The SteakSynth hypervolume was obtained by synthetic rotation of the steak
volume (obtained by static MRI, Figure 1b), with an angular rotation step of 5
degrees per volume around the z-axis. The decrease in performance compared to
the Cube hypervolume is probably caused by the fact that the derivatives are more
discontinuous due to the aliasing and partial volume effects of the MR acquisition
process.

The SteakDeform hypervolume was obtained by synthetic non-rigid three-
dimensional deformation of the steak volume (obtained by static MRI, Figure 1b)
using a simulated rigid ball and supporting plane. The better performance
compared to SteakSynth is caused by the more regular differences in the magnitude
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Figure 7. Scintillation rendering of the 3-D motion field of (left) of SteakMR combined
with a volume rendering of the ‘anatomy’ of the steak (right). The anatomy under the
motion field is not shown since the motion field is too dense. The axis of rotation is
oriented perpendicular to the surface of the steak. Gaussian derivatives, 0,=1.3, T=5.

of the deformation (over space), compared to the more rapid magnitude differences
(over space) of a rotation.

The SteakMR hypervolume was obtained by rotating the steak at 5 degrees per
volume (around the z-axis) and acquiring an MRI volume at each step. Compared
to SteakSynth, performance of the algorithm has deteriorated. This is probably
caused by aliasing in the temporal dimension caused by partial volume effects and
the anisotropic phase effect of the orientation of the tissue relative to the gradient
of the MR field. Since the density at 7=5 is smaller than 0.01%, which is not very
useful for our purposes, results are also reported for intermediate thresholds 7=0.5
and 1=2.5.

Figure 7 shows a scintillation rendering of one half of the flow field of
SteakMR together with the anatomy of the steak for the other half.

C) MR measured orbital sequences
We have used 3-D optical flow computation to determine the motion as a function
of gaze position in hypervolumes of the orbit, OrbitMR. Since the true motion field
V. 1S unknown in this case, it is impossible to obtain quantitative data on
performance. We found that the obtained 3-D flow fields are similar to those
obtained using 2-D optical flow estimation along different planes.

To evaluate the clinical usefulness of 3-D motion estimation, we have tried to
measure the 3-D motion of the intraconal tissue. The intraconal tissue is the fatty
and fibrous tissue located in between the extraocular muscles, around the optic
nerve, and is composed of tiny globules of fat suspended between connective
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Figure 8. Scintillation rendering of the 3-D motion field of OrbitMR, combined with a
static rendering of both globes and both optic nerves. Shown as seen from inside the skull
looking forward towards globes (right is right). Only the motion field of the intraconal
tissue close to the optic nerve is displayed, because it would otherwise be obscured by
the motion of the rectus muscles and other tissues. The subject is gazing from left to
right, and the optic nerve (at the back of the globe) therefore moves in the opposite
direction, to the left. The motion of the intraconal tissue is coupled to that of the optic
nerve above and below it (green, i.e. to the left). At the trailing edge of the right optic
nerve (right in this Figure) this tissue can be seen to fill the space left by the motion path
of the nerve. From the top of the nerve it fills in a downward direction (yellow) and from
the bottom of the nerve it fills in an upward direction (blue). This is best seen around the
right nerve. Gaussian derivatives, ,=1.3, 7= 2.5.

tissue septa [94]. Since the space within the orbital cavity is fixed, this tissue has to
deform when the muscles and the globe move during gaze. The kinematics are
unknown, but are relevant since it has recently been proposed that this tissue may
form a functional skeleton for the orbital contents [8]. The 3-D motion field of the
intraconal tissue was measured in three subjects.

One of the motion fields, with the subject gazing from left to right, is shown in
2-D in Figure 2 and in a scintillation rendering in Figure 9. The intraconal fat can
be seen to deform from over and under the optic nerve into the space left by it as it
trails the movement of the globe. The intraconal tissue thus fills the vacuum left by
the nerve, as behind a spoon moving through syrup. Therefore, it deforms like a
liquid and not like a solid (if it deformed like a solid matter such as a sponge, it
would have deformed in the same direction as the nerve, filling up the space from
sideways instead of from top and bottom).

7. DISCUSSION

This chapter introduces a 3-D optical flow algorithm and a 3-D optical flow
visualization technique to objectively quantify and visualize the 3-D motion of soft
tissues in the orbit from MR volume sequences. In addition, it studies the quality
of the motion fields obtained, given the clinical constraints on sequence length and
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resolution. The Lucas and Kanade algorithm [101] was generalized to three
dimensions, and tested on (4-D) motion sequence hypervolumes of synthetic
motion of a stylized object (a cube), of synthetic motion of an MR imaged natural
object (a steak), of an MR imaged rotating natural object (the same steak), and of
MR imaged motion in the human orbit during gaze. The 3-D motion field was
visualized by rendering color-textured 2-D slices with the 2-D motion, and also by
scintillation rendering, so as to display the 3-D motion field combined with
conventional volume rendering of the underlying (static) anatomy.

Previous approaches to 3-D optical flow estimation have been successful in
determining 3-D motion and deformation from 3-D volumetric CT and MR
sequences of the human heart [144] and the human brain [72;75]. Human cardiac
optical flow computation from CT sequences has been rigorously validated [72].
These approaches are based on 3-D generalizations of Horn and Schunk’s
algorithm, using a global smoothness constraint on the motion field [78]. Local
smoothness constraints, such as Lucas and Kanade’s algorithm [19], where the
flow is constrained to be regular only in the neighborhood of the point where the
optical flow vector is to be determined, were found to give better and more robust
performance in 2-D optical flow estimation in both natural scenes [19] and in MR
sequences [3].

Our results indicate that 3-D optical flow computation by the algorithm
introduced in this study is feasible. Its performance on synthetic 3-D volume
sequences is comparable to that obtained by conventional 2-D optical flow
measurement algorithms on 2-D sequences. The algorithm is sensitive to the
quality of the partial derivatives, and the best performance was reached using
Gaussian derivatives. The performance on realistic MR volume sequences is quite
acceptable. The derived flow fields are of sufficient quality for clinical purposes.
In fact, we have been able to measure the previously unknown kinematics of the
intraconal tissue, which was found to deform like a liquid and less like a solid.

The results also show that 3-D optical flow visualization by scintillation
rendering, combined with surface rendering of the anatomy, gives an insight into
the relation of tissue motion with the underlying anatomy. This allows an
evaluation of the quality of the 3-D flow field when the true flow field is not
known.

In conclusion, 3-D optical flow computation has sufficient performance to
estimate the motion of soft tissues in the orbit for clinical purposes, and
scintillation rendering is effective in understanding the relationship between tissue
motion and underlying anatomy.
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MRI Dynamic Color Mapping: a new
quantitative technique for imaging soft

tissue motion in the orbit

Presented in part at the annual meeting of the Association for Research in Vision and Ophthalmology,
Fort Lauderdale, Florida, May 1997.

Purpose: to investigate both feasibility and clinical potential of magnetic resonance imaging-dynamic
color mapping (MRI-DCM) in measuring the motion of soft tissues in the orbit and in the diagnosis of
orbital disorders by detecting changes in motion. Methods: Sequences of MRI scans were acquired
(acquisition time, 5 seconds) in a shoot-stop manner, while the patient fixated at a sequence of 13 gaze
positions (8° intervals). Motion was quantified offline (in mm per degree of gaze change) using an
optical flow algorithm. The motion was displayed in a color-coded image in which color saturation of a
pixel shows the displacement and the hue the displacement’s orientation. Six healthy volunteers and
four patients (two with an orbital mass and two with acrylic ball implant after enucleation) were
studied. Results: the technique was found to be clinically feasible. For a gaze change of 1°, orbital
tissues move between 0.0-0.25mm/deg, depending on the type of tissue and location in the orbit. In the
patients with an orbital mass, motion of the mass was similar to that of the medial rectus muscle,
suggesting disease of muscular origin. In the enucleated orbits, soft tissue motion was decreased. One
eye showed attachment of the optic nerve to the implant, which could be verified by biopsy specimen.
Conclusions: MRI-DCM allows noninvasive and quantitative measurement of soft tissue motion and
the changes in motion due to pathologic conditions. In cases in which the diagnosis of a tumor in the
apex is in doubt, it may reduce the need for biopsy. In contrast to static computed tomographic (CT)
scans and MRIs, it can differentiate between juxtaposition and continuity, and may be a new and
promising tool in the differential diagnosis of intraorbital lesions.

1. INTRODUCTION

The introduction and refinement of noninvasive imaging techniques such as
computed tomographic (CT) scans and magnetic resonance imaging (MRI) have
been revolutionary in the differentiation of orbital diseases. However, these
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techniques are static and, in a number of cases, leave unanswered questions about
the origin of lesions and the relationship between tissues during motion. This
relationship, the kinetics of the eye and orbital tissue due to gaze, is highly
complex and incompletely understood [64]. Cinematic MRI, and also dynamic CT
and dynamic ultrasound, were developed to surmount these limitations and
evaluate the motion of tissues in the orbit in relation to gaze changes [13;42].
Cinematic MRI scans and the other two modalities, however, are evaluated by
inspection of videos and consequently allow only qualitative judgments that are
subject to large intra- and interobserver variability. By measuring motion
quantitatively, this may be avoided. In addition, data reduction can be achieved.
Clinicians can gain an understanding of orbital motion by inspecting a single
image, instead of a video of typically several minutes’ duration.

We have developed a new technique, MRI-dynamic color mapping (MRI-
DCM) to measure the motion of orbital tissues quantitatively, using cinematic MRI
with short acquisition times (5 seconds/image), combined with powerful image
processing techniques [11;13;42]. The purpose is to express the motion of orbital
soft tissues in millimeters per degree of change in gaze and display these in a
color-coded image in which the hue of a pixel is determined by the orientation and
its saturation by the length of the underlying motion vector [3;146]. This technique
allows the study of motion in relation to gaze changes, but not yet of saccades and
pursuit movements, because the temporal resolution of orbital cinematic MRI
currently does not allow it.

Disorders of orbital tissues can all influence soft tissue motion: for example,
space-occupying lesions, enucleation with prosthesis implantation, Graves’
orbitopathy or trauma. Measuring such changes may aid in localizing and
differentiating orbital tumors, exploring prosthesis motility and observing tissue
attachments in the case of enucleation and trauma. In addition, it is known that in
Graves’ orbitopathy, motility disturbances are related to muscle tightness and
swelling, increased intraorbital pressure and inflammatory changes in muscles and
intraorbital fat tissue. After decompression surgery, motility disturbances may
either in- or decrease, and surgical management of these disturbances is not as
straightforward as in other cases of acquired strabismus. By measuring the motion
of orbital tissues, we might be able to understand more fully the causes of motility
disorders in Graves’ orbitopathy, especially after decompression surgery.

The purpose of the present study was to investigate the feasibility and
usefulness of MRI-DCM and to establish the additional value of MRI-DCM in the
differential diagnosis of orbital lesions.

2. METHODS

All subjects were treated in accordance with the tenets of the Declaration of
Helsinki, and informed consent was obtained after the nature of the study had been
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Figure 1. Normal orbital soft tissue motion obtained by MRI-DCM in normal subject 2.
la. Typical MRI image from the sequence. MRI images are as viewed from below. mrm
= medial rectus muscle; ON = optic nerve. 1b. MRI-DCM. The subject gazes from left to
right. Wherever the flow is zero or cannot be measured reliably, the original MRI image
is visible. lc. The circle in the upper part serves as an aid to relate a particular color to
orientation and motion. The arrowheads on the perimeter of the circle indicate motion of
0.3 mm/deg directed anteriorly and left respectively. At the bottom of 1c., two examples
are given of blobs that move in the orientation indicated by the white arrow (posteriorly
and left-anteriorly) at 0.3 mm/deg.

explained. The approval of the institutional review board of our hospital was
granted for the research protocol and the informed consent form.

Cinematic MRI scans are obtained according to our previous protocol [146].
Images are acquired on a 1.5-T MR scanner (Philips Gyroscan NT, release 4,
Eindhoven, the Netherland), using a head-coil. The scans are angulated to include
the optic nerves and the rectus muscles. Transversal and sagittal sequences of
gradient echo T1-weighted images (turbo field echo [TFE], echo time [TE] 6.9 m:s,
recovery time [TR] 12 ms, 4-mm slice thickness, field of view 170 mm, matrix
128 x 128 or 256 x 256, scan-time 5 sec) are acquired in a shoot-stop manner.
During acquisition, the patient fixates sequentially on a row of 13 horizontal
fixation marks placed at 8° intervals. The sequences are stored in digital imaging
and communication (DICOM) format and analyzed using software developed by
the first author. The actual gaze angles are corrected for parallax taking into
account interpupillary distance and distance of lateral orbital rim to the fixation
marks.

After prefiltering with a Gaussian spatiotemporal filter, the image sequences
are quantified. The motion estimates are obtained by the optical flow algorithm
that was first introduced by Lucas and Kanade and has been extensively described
in a review by Barron et al. [19]. The algorithm obtains estimates of the motion of
all points in the image of interest in a sequence of time-varying images using T1
signal intensity variations over time. All optical flow vectors are converted (from
pixels per frame) to millimeters per degree/ millimeters of motion per degree
change in gaze. The optical flow fields are subsequently mapped to a color-coded
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Lens Left - right | 0.19-0.25
Optic nerve (anterior part) Left — right | 0.13-0.19
Optic nerve (posterior part) Left - right [ 0.0-0.05
Medial rectus muscle Anterior - posterior | 0.7-0.12
Lateral rectus muscle Anterior - posterior [ 0.8-0.12
Orbital fat | Left-anteriorly - right anteriorly | 0.0-0.06

Table 1. Range of orbital soft tissue motion measured with MRI-DCM in 6 normal
subjects. Motion is averaged over the corresponding anatomic region and only given if
reliable. Compare these measurements to the theoretically expected motion of the lens,
which can be calculated from the axial length of the eye as follows: motionje,s =

27mradiuseyepan/360 mm/°. For an (average) axial length of 25mm, the expected motion is
0.22 mm/deg.

image so that the color of any pixel shows both orientation over 360° (coded by
hue) and length of the flow vector (coded by saturation) for that pixel (See Figure
Ic). All pixels with reliable flow are set to the color appropriate for their
magnitude and orientation in the corresponding gray-scale MRI image. If the flow
is zero or cannot be measured reliably, the original MRI gray value shows [3]. At
displacements of 0.3 mm/°, the color of the pixel is fully saturated, while at lower
displacements it becomes progressively paler. The software was written in Java
and is available free of charge, including the sources, from the first author on
request.

3. RESULTS

A) MRI-DCM

All subjects and patients were cooperative and underwent the MRI-DCM
uneventfully. There was no need for conjunctival anesthesia and blinking did not
interfere with image quality. Some patients tended to follow the gaze by small
head movements for the 40° and 48° marks. Some, especially elderly patients, had
difficulty sustaining fixation on the last targets in a sequence.

Optical flow and dynamic color maps could be obtained from all patients.
Motion in areas with little or no features (i.e., areas with similar signal intensity
values) on MRI, such as the vitreous and the intraconal space, was difficult to
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Figure 2. Localization of orbital mass in patient A. 2a. Static transversal MRI scan with
(red arrow) a mass extending along the posterior portion of the medial rectus muscle and
the optic nerve. b. MRI-DCM indicating (red arrow) that both the medial rectus muscle
and the portion of the mass overlying the optic nerve move in the same orientation while
the anterior portion of the optic nerve moves in a different orientation.

measure reliably, so that no flow could be shown in these areas (Figure 1). The
optical flow and dynamic color mapping techniques are relatively fast, so that a
sequence of DCM maps is generated in a few seconds.

B) Healthy subjects

In order to obtain normal values for soft tissue motion, six healthy volunteers, four
males and two females, were studied. The age varied between 23 and 35 years with
normal corrected vision, normal ocular motility and normal ocular axis length.
Figure 1 presents an example of MRI-DCM. The subject is gazing from left to
right in a horizontal plane. The flow shown has been measured with the gaze at 0°
(straight ahead). The colored index aids in understanding the relation of color to
flow vector length and orientation. All motions discussed below are averages over
the region of the corresponding soft tissue where motion could be measured
reliably.

The lens moves to the right (red, average 0.20mm/deg), the medial rectus
muscle of the right eye moves anteriorly (blue, average 0.15mm/deg) and the
insertion of the lateral rectus muscle of the right eye moves posteriorly (pale
yellow, average 0.12mm/deg). The optic nerve of the right eye moves to the left
(green, 0.14mm/deg). Its anterior portion has the largest motion (most saturated
green, 0.18mm/deg). Similar motion can be seen in the left orbit. There is slight
motion around the nose because the subject follows his gaze by slightly turning his
head (< 0.05mm/deg). The reliability of optical flow measured over relatively
smooth areas such as intraconal fat was usually below the threshold so that no flow
is shown there. The motion of various anatomical structures is summarized in
Table 1.



84 MRI DYNAMIC COLOR MAPPING: A NEW QUANTITATIVE TECHNIQUE FOR IMAGING SOFT TISSUE MOTION IN THE ORBIT

Figure 3. (Patient C) Enucleation with implant in right orbit, optic nerve not attached. a.
Static transversal MRI scan. The optic nerve stump on the right seems close to or
continuous with the implant. b. MRI-DCM with patient gazing from right to left. c. MRI-
DCM with patient gazing from left to right. The healthy left eye moves normally. The
implant on the right moves very little while the optic nerve stump does not move in b.
and moves anteriorly in c. Shear is present and the optic nerve is not continuous with the
implant.

C) Patients

In order to investigate the usefulness of our approach for the differential diagnosis
of intraorbital disorders, we examined four patients. Patients A and B had an
orbital mass. As the history and diagnosis of patient B is very similar to that of
patient A, we present only patient A in detail.

Patient A is a 35-year-old man with painful diplopia over a period of 18
months, and decreased visual acuity of the right eye over the last 2 months. On
admission, his visual acuity was 0.2 OD, 1.25 OS; abduction was limited OD and
the Hertel values were 24 mm OD, 21 mm OS. Funduscopy revealed optic disk
edema. Thyroid stimulating hormone (TSH), T3 and T4 serum levels were normal.
A CT scan and T1-weighted MRI scan (Figure 2a) showed a mass in the apex of
the orbit, adjacent to the medial rectus muscle and the optic nerve. These images
did not differentiate between a mass related to the optic nerve (meningioma or
glioma), or to the medial rectus muscle (myositis or metastasis), or adherent to, but
not continuous with the muscle (idiopathic inflammatory orbital tumor).

MRI-DCM was consequently obtained. In Figure 2b, the patient gazed from
left to right. The anterior portion of the optic nerve (green, 0.18mm/deg) is moving
to the left and the medial rectus muscle is moving anteriorly (blue, 0.13mm/deg).
The mass in the apex covering the optic nerve is blue as well, suggesting that its
motion is correlated with that of the medial rectus muscle and not with that of the
optic nerve (which is green). The most likely explanation is that the mass is
continuous with the muscle and in juxtaposition to the optic nerve, supporting the
diagnosis of myositis. Because of this tentative diagnosis, treatment was started
with intravenous steroids, with immediate result. Six months after treatment,
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Figure 4. (Patient D) Enucleation with implant, optic nerve attached. a. Static transversal
MRI scan. b. MRI-DCM with patient gazing from left to right. c. MRI-DCM with patient
gazing from right to left. The implant on the left shows decreased motion compared to
the healthy right orbit (0.14mm/deg) but moves concurrently with the stump. Shear is
absent and the optic nerve is continuous with the implant.

patient had recovered visual acuity to 1.0 OD and improved but still slightly
limited abduction.

Patients who have undergone enucleation of the eyeball may have persistent
problems, such as cosmetic deformity, deep orbital pain and decreased motion of
prosthesis. The usefulness of our technique was determined by examination of
patients C and D. Enucleation has been performed according to the technique
described by Collin [36] using a sclera-covered acrylic ball as the implant.

The right eye of patient C, a 35-year-old woman, had been enucleated two
years before the study because of a painful blind eye. Figure 3a shows a static
transverse MRI scan. The external ocular prosthesis is visible. In these figures, the
optic nerve stump seems to be close to the (round) implant (compare with the
healthy optic nerve of the contralateral eye). However, it is impossible to
differentiate between juxtaposition of the nerve to the implant and continuity with
the implant. Figure 3b and ¢ show the MRI-DCM for patient C. On left gaze
(Figure 3b), the lens of the left eye is moving left, in green. The implant on the
right side hardly moves left (pale green, 0.04 mm/deg). The insertion of the lateral
rectus moves anteriorly (pale blue, 0.05 mm/®). The optic nerve stump does not
show discernible motion (0.00 mm/deg). On right gaze (Figure 3c), the motion of
the left eye is reversed. There is now some motion on the enucleated side, and the
implant moves right (pale purple, 0.03 mm/®). The posterior portion of the stump
moves posteriorly (pale orange, 0.04 mm/°). This shear of nerve and implant
indicates juxtaposition and not continuity.

The left eye of patient D, a 53-year-old woman, was enucleated five years
before the study because of a choroidal melanoma. Figure 4a shows the static MRI
scan.

It is impossible to differentiate between juxtaposition of the nerve to the
implant and continuity with the implant. Figures 4b and ¢ show MRI-DCM for
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Figure 5. Histological section of surgically removed implant of patient D. The scleral
cover on the right is connected to the stump of the optic nerve on the left by a mass of
collagen fibers forming a pseudo-disk (black arrow). Inset: macroscopic aspect of the
removed implant with the optic nerve including the remnant of the central retinal artery
attached to it. Staining: Hematoxylin-eosin. Inset magnification, x0.8.

patient D. On leftward gaze (Figure 4b), the lens of the right eye moves leftward.
The front of the implant moves left (green, 0.14 mm/®), and the stump moves right
(light red, 0.04-0.1 mm/"). On rightward gaze (Figure 4c), soft tissue motion has
the reverse orientation. In contrast to patient C, this absence of shear between
nerve and implant indicates continuity, not juxtaposition. Patient D underwent
orbital exploration because of persistent and drug-resistant orbital pain. Figure 5
shows a histological section of the removed implant where the optic nerve can be
seen to be attached over a large area to the back of the scleral cover.

4. DISCUSSION

This study introduces a new technique for measuring the motion of soft tissues in
the orbit, MRI-DCM. The technique allows the non-invasive determination of the
kinetics of orbital tissues such as muscle, optic nerve, orbital fat and tendon in
millimeters per degree change in gaze position. The technique is feasible using
clinical MRI equipment, is tolerated by subjects and patients and, by its
quantitative nature, avoids intra- and inter-observer variation. It has about the same
cost as conventional MRI and, if a static MRI is requested, can be performed
simultaneously at that appointment.

There are a few disadvantages to MRI-DCM. It can be difficult in patients who
cannot concentrate for an extended period of time, especially elderly patients who
may find the large number of targets confusing. By improving the optical flow
algorithm, we have meanwhile (after this study was completed) been able to
reduce this number. The technique is contraindicated in patients with pacemakers
or arterial clips, and in some patients with metal implants. Optical flow and DCM
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are image-processing methods that are most sensitive to tissues that show many
MRI features (and have relatively inhomogeneous signal intensities). Motion is
more difficult to measure reliably in tissues that are relatively ‘smooth,” such as
vitreous and fat. Up to now, only two-dimensional motion can be measured.

MRI-DCM allows measurements of soft tissue motion in healthy subjects.
Motion tends to range between 0.0 and 0.25 mm/deg, depending on the type of
tissue and the position of the tissue in the orbit relative to the eyeball. The
measured range of motion for the lens is close to the one expected from the
calculations (Table 1). No objective measurement is currently available for orbital
kinetics. The only possible validation would be by an invasive technique, probably
influencing the very kinetics it is meant to measure.

MRI-DCM allows additional information beyond CT and MRI in orbital
lesions and, in contrast to these techniques, allows a differentiation between
juxtaposition and continuity of tissues. In patient A, MRI-DCM showed that the
mass was continuous with the medial rectus muscle (the most likely cause being an
origin in the muscle), thus facilitating the diagnosis of myositis. It may be of
clinical value in differentiating the origin of a retrobulbar lesion and may replace
the need for a risky biopsy in the apex of the orbit.

MRI-DCM allows measurement of soft tissue motion after enucleation. In
patients C and D, soft tissue motion in the entire enucleated orbit (0.0 - 0.14
mm/deg) was less than that in the healthy contralateral orbit (0.0 - 0.24 mm/deg).
This is in agreement with earlier nonquantified observations [65].

Little is known about the anatomy in the orbit after enucleation and implant.
MRI-DCM allows differentiation between juxtaposition of the optic nerve to and
continuity with the scleral cover of the implant after enucleation. Much to our
surprise we discovered that after enucleation, the optic nerve stump showed
regrowth to the sclera cover. The latter finding has been confirmed by biopsy [4].
Such attachments have previously not been recognized, probably because on static
CT and MRI scans, it is impossible to differentiate between juxtaposition and
continuity of structures. Further studies should be undertaken to reveal the clinical
significance of this phenomenon.

We want to stress that the common basis for this last conclusion is that the
more similar the motion of two adjacent structures (i.e., the more similar their
colors in a MRI-DCM image) the more likely it is that they are continuous. In this
study, we examined only this aspect of orbital kinetics. We hope to extend our
studies to disorders of ocular motility in the future.
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Patients with persistent pain after
enucleation studied by MRI Dynamic
Color Mapping and histopathology

Presented in part at the annual meeting of the Association for Research in Vision and Ophthalmology,
Fort Lauderdale, Florida, May 1997.

Purpose: to study possible causes of persistent pain in patients who underwent enucleation of the globe
and in whom all other non-invasively detectable causes of pain had been ruled out. Methods: Twenty
patients were studied, 10 with intractable pain (score > 5 on a 0-9 self-reporting pain scale) persisting
for more than 6 months after enucleation (for various reasons) and 10 without pain (score < 4)
enucleated at least 6 months at least 6 months after enucleation. Magnetic resonance imaging (MRI) —
dynamic color mapping (MRI-DCM) was used to quantify the motion of the optic nerve in millimeters
per degree, 2 to 3 mm behind the implant. Histopathologic study of biopsy specimens was used to
verify imaging findings. Results: The optic nerve was attached to the implant in almost all (19/20)
patients. On average, the motion was significantly less in patients with persistent intractable pain
(0.04mm/") than in patients without pain (0.08mm/") on average (normal orbit, 0.13 mm/). A biopsy
specimen was available in 5 out of 10 patients with persistent pain, and in 4 of those 5, microscopic
neuroma was found close to the optic nerve—implant junction. Conclusions: In the enucleated orbit, the
optic nerve is usually attached to the implant and soft tissue motion is decreased. In patients who have
persistent pain after enucleation, motion is decreased even more, and a high percentage of microscopic
amputation neuromas are found. Increased stiffness of orbital soft tissue and optic nerve attachment
after enucleation are detectable using MRI-DCM, and may play a role in susceptible patients in the
development of microscopic amputation neuroma and pain.

1. INTRODUCTION

The main indications for removal of an eye are intra-ocular tumors, persistent
ocular pain and cosmesis. Enucleation is usually effective in resolving pain
[133;159], but, in rare cases, pain may persist [67;112;147]. The following causes
of persistent pain after enucleation (or anophthalmic socket pain) are detectable by
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non-invasive means: nonoptimal fit of prosthesis, migration of the implant,
lacrimal insufficiency, inflammatory conditions, space-occupying lesions and
psychiatric disorders [67]. Another cause however, painful microscopic amputation
neuroma (nerve tumor), is only diagnosable by removal of the implant and
adherent tissues and subsequent histologic analysis [67]. Neuromas are thought to
be the result of tractional or compression forces on the nerve, which are also
thought to cause increased stiffness of the nerves and surrounding tissues
[30;108;158]. The motion of soft tissues in the enucleated orbit can be assessed by
a variety of means [85]. It can be measured non-invasively and objectively by
magnetic resonance imaging with dynamic color mapping (MRI-DCM), consisting
of fast cinematic MRI and optical flow motion analysis [3;7].

The purpose of this study was to determine possible causes of persistent pain in
patients who underwent enucleation of the globe and in whom all the
noninvasively detectable causes listed above had been ruled out.

2. METHODS

The study involved an observational case-control design with 20 subjects: 10
patients with intractable persistent pain and 10 who served as controls. Patient data
are summarized in Table 1. Patients were included in the pain group if they had
undergone enucleation at least 6 months before inclusion, persistent pain had been
present for at least 6 months and detectable causes of pain according to the criteria
put forward by Glatt et al. had been excluded [67]. The pain was scored through an
interview on a 0-9 pain scoring scale (see Table 2). Patients were only included if
they scored 6 or more on this scale. Patient controls were selected for the no-pain
group by random selection from the outpatient clinic records of our hospital (a
tertiary care center). Patient controls were included if they had undergone
enucleation at least 6 months before inclusion and scored 3 or less on the pain
scoring scale. In addition to these criteria, all subjects had to more than 18 years of
age and eligible for MRI-DCM examination [7]. All subjects were treated in
accordance with the tenets of the Declaration of Helsinki, and written informed
consent was obtained after the nature of the study had been explained. The
approval of the institutional review board of our hospital was obtained for the
research protocol and the informed consent form.

MRI-DCM was performed according to a protocol published previously [3;7].
Transverse sequences of gradient echo T1-weighted images are acquired while the
patient sequentially fixates on a row of nine horizontal fixation marks placed at 8°
intervals on the inside of the scanner bore. The motion in these sequences is
estimated by first order optical flow computation of motion estimates. All motion
vectors are converted (from pixels per frame) to ratios of millimeters per degree
change in gaze.

The conversion from pixels to mm is performed by the MR scanner software,
while the motion is converted from mm/frame (of 8° each) to mm/° by division.
The error of the motion measurement (direction and magnitude combined) was
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No Pain
1] 59 f melanoma | n | baseball| 5| 0] 0.03
28| m melanoma | n | baseball| 6| 0]0.15
3| 83 f melanoma | n | baseball 5| 0]0.06
4143 m painful atrophy (detachment) | y | baseball| 5| 0] 0.14
5| 65 f tumor | n | baseball| 35| 0]0.11
659 m painful atrophy (dislocated lens) | y Allen| 35| 10.05
766 m trauma | n | baseball | 32 110.09
8| 38 f painful atrophy (endophthalmitis) | y | baseball | 33 | 1| 0.08
9| 93 f melanoma | n Allen | 22 110.03
101 25| m painful atrophy (detachment) | y | baseball | 7| 2| 0.06
Pain
11| 57| m painful atrophy (glaucoma) | vy Allen | 11 8004 y| n
12 | 50 f melanoma | n Allen 1 71006| n
13 | 46 f painful atrophy (keratoplasty) | y | baseball 8 | 0.01 y| y
14 | 52 f trauma | n | baseball | 18] 8|0.04]| n
15| 52 f painful atrophy (detachment) | y | baseball 6| 0.01 y| y
16122 m painful atrophy (detachment) | y | baseball 8[1003| y| vy
17147 m trauma | n | baseball 71003] n
18 | 30 f painful atrophy (endophthalmitis) | y [ baseball| 20| 9/0.05| y| y
19| 23 f trauma| n Allen | 1 8/1004| n
20| 56| m melanoma | n Allen| 8| 7[0.08] n

Table 1. Data of no-pain and pain groups.

found to be less than 15%, and the error in magnitude by itself less than 8% in

validation studies [3].

An experimental version of the DCM and optical flow software is available at
no charge from the Image Sciences Institute, Utrecht, the Netherlands, at
“http://www.isi.uu.nl/people/michael.” (please observe copyright and disclaimer

notices).
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Examples

o |Score

No pain

—_

Occasional tenderness (less than once weekly)

Occasional stab of pain (less than once weekly)

Frequent tenderness (less than once a day)

Frequent stabs (less than once a day)

Pain occasionally distracting (more than once a day)

Pain frequently distracting, but work and relaxation are possible

Always pain, occasionally disturbs sleep

Pain frequently disturbs sleep

© | |IN |jo |o |~ |Jw D

Pain makes concentrating on any task difficult

Table 2. English version of the anophthalmic socket pain scoring scale developed for this
study. In using this scale, the use of non-opiate analgesics is disregarded.

The magnitude of the motion of the optic nerve 2 to 4 mm behind the implant
was used as an indicator of soft tissue motion, and recorded in millimeters per
degree. The motion of the outside of the implant, next to the stump of the optic
nerve, was also recorded in mm/°. Normal motion of the contra-lateral healthy eye
was verified by checking the motion of the lens of that eye.

To determine attachment of the optic nerve to the implant, the orientation of
the motion of the optic nerve and of the implant during left and right gaze were
compared. If the orientation of the motion of these structures differed from each
other less than 45°, the optic nerve was recorded as atfached to the implant,
otherwise the optic nerve was recorded as not attached. With rigid attachment, the
motion of the optic nerve and the implant are expected to be exactly the same (in
other words, the difference should not be larger than 0°). The 45° limit was chosen
before to the study so that more loosely coupled attachments could also be
diagnosed. Averages are presented as mean and 95% confidence interval. Patient
data across groups were analyzed with Pearson’s X test. Data were averaged for
the pain and no pain groups, and compared with the unpaired Student’s z-test. For
the significance test, a two-tailed p < 0.01 was used. Analysis was performed by
computer (Excel 7.0; Microsoft Corp, Seattle, WA).

3. RESULTS

The mean age in the pain group was 43%13.4 (SD) years, and in the no pain group
63%23.2 years. There was a significant difference in age (p=0.015), partly because
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Figure 1. Optic nerve motion in patients with and without persistent intractable pain. The
upper and lower edges of the box indicate the upper and lower quartiles of the motion (all
in mm/°). The extent of the upper and lower whiskers indicate the maximum and
minimum motion. The thick line within the box indicates the mean motion.

of biased patient selection. Of the 16 subjects originally eligible for inclusion in
the no-pain group, three could not be reached, and three refused participation
(these usually stated that they would have had to take time off from their jobs for
research of no benefit to themselves). The mean age of these 16 subjects was 57.1
years, not different (p=0.08) from the mean age in the pain group. There was no
statistical difference in gender (X°=0.689, p=0.41) and side of surgery (x’=1.0,
p=0.32) between the two groups. Reasons for enucleation varied, but there was no
significant difference in the frequency of painful atrophy (x’=0.84, p=0.36). No
patients reported an increase or a change in character of the pain on ocular motion,
all subjects were cooperative and underwent MRI-DCM uneventfully, and all
subjects were able to follow all gaze positions.

Optic nerve motion, motion of the implant and attachment of the optic nerve to
the implant are summarized in Table 1. The optic nerve was always attached to the
implant in the pain group and in all except one patient in the no- pain group. In the
normal contra-lateral eye, all subjects had normal gaze motion (average 0.13/°,
95% confidence interval [CI] 0.122mm/° - 0.148mm/") and could fixate all marks.
Figure 1 shows the mean and the upper and lower quartiles of the motion in the
pain and no pain groups. The frequency distributions of the motion in both groups
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Figure 2. Visualization of soft tissue motion for patient 15 (pain group). Baseball implant
in the right orbit, with patient gazing to his left. The optic nerve and surrounding tissues
in the enucleated orbit are moving less than the normal tissues in the normal orbit (more
saturated colors). The back of the implant is moving less than the optic nerve, and the
optic nerves and the other soft tissues have motion of similar magnitude (similar
saturation). The motion of the optic nerve is coupled to that of the back of the implant.
The index in the upper left side of the figure helps in understanding the orientation and
magnitude of motion in relation to a color (saturated green is fast to the left, i.e. right in
the figure; pale yellow is slow posteriorly). Red arrow: position where optic nerve
motion is measured.

approximately followed a normal distribution. The average optic nerve motion was
decreased (p<0.01) in the pain group (average 0.04mm/°, 95% CI 0.026mm/° -
0.050mm/°) in comparison to the no pain group (0.08mm/°, 95% CI 0.053 mm/* -
0.108mm/°). This difference in soft tissue motion between groups could be entirely
attributed to the difference between patients with baseball-type implants, with and
without pain, as shown by segregation of the groups according to implant type.
Between patients with baseball implants (n = 14) with and without pain there was a
significant average difference of 0.06mm/* (p=0.005), while between patients with
Allen implants (n = 6) there was no (p=0.41) difference.

There was no correlation of the soft tissue motion with age in either the no
pain or pain groups. Figure 2 shows a visualization of soft tissue motion in the
enucleated orbit for patient 15 from the pain group. Figure 3 shows the anatomy
and the attachment of the optic nerve to the implant for this patient in more detail.

In 5 of 10 patients in the pain group, a biopsy specimen of tissue around the
optic nerve-implant junction was taken through a transconjunctival incision. The
other five patients refused a biopsy for a variety of reasons. In four (80%) of the
former five patients, one or more amputation neuromas were present in the biopsy
specimen. In one patient, the only one of this group with an Allen implant, no
neuromas were found. The neuromas were always located close to the junction of
the optic nerve with the implant, either along the nerve or along the anterior part of
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Figure 3. Static MRI for patient 15. Blue arrow baseball implant attached to the optic
nerve in the right orbit, with the prosthesis in front of it. Red arrow junction of the optic
nerve to the back of the sclera covered implant.

an extraocular muscle. Figure 4 shows a histological section with an amputation
neuroma from patient 16. After the biopsy, three of the four patients with a
neuroma showed resolution of pain (defined as a pain score of 3 or less, six months
after biopsy).

4. DISCUSSION

The results of this study indicate that in the enucleated orbit, tissue motion is
decreased in comparison to tissue motion in the normal orbit; the optic nerve
stump is usually (19/20) attached to the implant ; tissue motion is decreased even
more in patients with persistent intractable (i.e. in which all non-invasively
detectable causes of pain have been excluded) pain, compared to enucleated
patients without pain, and this decrease is present only in patients with baseball
implants; and amputation neuromas can often be found near the optic nerve /
implant junction in these patients.

Possible sources of bias in this study may include the higher average age in the
no pain group compared to the pain group. However, we found no correlation
between tissue motion and age in our patients, and to our knowledge, there is no
evidence in the literature for such an age dependent effect. Another possible source
of bias is potential inaccuracy in the optical flow motion estimation technique; but
the optical flow algorithm has been shown to occasionally underestimate (but not
overestimate) larger motion magnitudes in validation studies [3]. Motion in the
enucleated socket may be less because of the pain; however, motion in the contra-
lateral healthy orbit was normal. The number of patients (five) in which a biopsy
was available was too small to establish a relationship between decreased motion
and presence or absence of painful microscopic neuroma. It is possible that in most
of the other patients with pain, no neuromas would have been found. Although
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Figure 4. Biopsy specimen from patient 16 showing microscopic amputation neuroma
located close to the optic nerve — implant junction. Hematoxylin-eosin stain. (Black
arrow) small nerve fiber bundle. (Bar) = 40pum. Inset: low magnification overview with
optic nerve stump on the right and fibrous tissue near its junction to the implant
containing amputation neuroma on the left. (Bar) =200um.

neuromas often cause pain, especially if subject to pressure and/or motion, this is
not always the case. It is possible that in patients without pain, neuromas are also
present in the enucleated orbit [158]. However, the fact that three out of four
patients had resolution of pain suggests a causal relationship.

To our knowledge, this is the largest study of patients with persistent
intractable pain after enucleation and the first to look at the role of tissue motion in
the enucleated orbit. The decrease in motion in patients with persistent pain and
baseball implants may be related to tight attachments of the optic nerve to the
intraconal fatty tissue or higher stiffness of the orbital contents due to fibrosis
caused by the surgery. In combination with the movement of the optic nerve during
gaze due to its attachment to the implant, this tightness or stiffness may subject the
intraorbital nerves to increased, continuously changing pressure and traction and
decreased motion. All these are favorable conditions for the development of
painful amputation neuroma [158]. This mechanism may explain that such a large
proportion of the patients who had persistent intractable pain had microscopic
amputation neuroma. In these patients, by definition, no macroscopic neuromas



PATIENTS WITH PERSISTENT PAIN AFTER ENUCLEATION STUDIED BY MRI DYNAMIC COLOR MAPPING AND HISTOPATHOLOGY 97

were present, and the neuromas that were found histologically were very small,and
thus would have easily escaped detection on MRI or computed tomography.

In conclusion, this study shows that MRI-DCM may be of use in the evaluation
of persistent intractable pain after enucleation. This procedure is capable of
showing that tissue motion is decreased in the enucleated orbit in comparison to
the normal orbit, and that the optic nerve is usually attached to the implant. Of
course, its sensitivity and specificity in diagnosing this condition remain to be
established. Other methods, such as semi-automatic measurement from two- and
three-positional MRI, are just as capable of measuring the globe-optic nerve
motion as the optical flow method used in MRI-DCM [33]. Globe-optic nerve
motion was selected as a reproducible indicator of intraconal soft tissue motion:
MRI-DCM is capable of measuring the motion of any orbital tissue, and we could
have chosen to measure any other region in the soft tissue, which is much more
difficult with semi-automatic motion measurement from two- and three-positional
MRIL

In patients with persistent pain, motion is decreased even more, and in these
patients, a high percentage of amputation neuromas are found close to the implant.
Increased stiffness of orbital soft tissue and optic nerve attachment after
enucleation are detectable using MRI-DCM. These circumstances and the
consequent continuously changing pressure and motion in the enucleated orbit may
play a role in some patients in the development of painful microscopic amputation
neuroma and persistent intractable pain. Further study in a more extensive group is
required to verify these findings, and a post-mortem study may be useful to
evaluate enucleated orbits. Further study may also reveal what steps, if any, can be
taken to ensure the removal of all amputation neuromas from the orbit to effect an
improvement in the pain these patients experience.
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Rectus extraocular muscle paths before
and after decompression surgery for
Graves’ orbitopathy: relationship to

motility disturbances

Presented in part at the annual meeting of the Association for Research in Vision and Ophthalmology,
Fort Lauderdale, Florida, May 2000.

Purpose: to study possible causes of motility disturbances that may result from orbital decompression
surgery in patients with Graves’ orbitopathy, and especially the role of rectus extraocular muscle paths.
Methods: Sixteen patients with Graves’ orbitopathy were studied before and three to six months after
translid (6 patients) and coronal (10 patients) orbital decompression surgery for disfiguring proptosis.
Ocular motility changes were objectively measured by comparing maximum ductions and severity of
diplopia, and the positions and the displacements of the anterior rectus muscle paths were measured
using cine MRI imaging. Results: Averaged preoperative rectus muscle paths positions were not
different from normals. Averaged postoperative muscle path positions were generally the same as
preoperative paths. The only significant exceptions were centrifugal (outward from the orbital axis)
displacements of the inferior rectus muscle path (IR) after translid, and of the medial rectus muscle path
(MR) after coronal surgery. The amount of IR displacement with translid surgery was directly
correlated with range of depression and with severity of vertical diplopia. The amount of MR
displacement with coronal surgery was inversely correlated with range of abduction and directly
correlated with severity of horizontal diplopia. Conclusions: The anterior orbital connective tissue
seems to form a ‘functional skeleton’ that is usually (except as noted for IR respectively MR) capable
of keeping the rectus muscle paths aligned after decompression surgery, and preserving the normal
functions of rectus muscle pulleys. The centrifugal displacement of the IR and MR may increase the
elastic component of the muscle force, leading to the specific patterns of motility disturbance that may
occur in some patients after translid and coronal surgery. These findings suggest that standard surgical
management of Graves’ orbitopathy be supplemented by appropriate muscle surgery.
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1. INTRODUCTION

Graves’ orbitopathy can lead to disfiguring proptosis, motility disturbances and
optic neuropathy. Orbital decompression surgery plays an important role in the
rehabilitation of patients suffering from Graves’ orbitopathy [102;137] and has
been shown to be effective in restoring vision and reducing proptosis [118].
However, decompression surgery also induces or aggravates ocular motility
imbalances in 10-80% of cases [49;63;122]. To date, explanations for this
complication have been mostly speculative.

In 1989, Miller introduced the rectus muscle pulley concept [113]. The pulleys
are musculofibrous structures in the anterior orbit that constrain the paths of the
rectus muscles, relative to the orbital wall, similar to the way the trochlea
constrains the path of the superior oblique muscle. They thus form the functional
origin of these muscles [53], and have been demonstrated to lie a few mm
posterior to the equator of the globe and keep their position as gaze varies [115]. In
the first experimental test of the pulley concept, Miller et al. [115] imaged muscle
paths before and after transposition surgery, and found that positions of muscle
bellies relative to the orbital walls were little affected. Other studies have
suggested that precise pulley location is critical to normal three-dimensional ocular
kinematics [34;126;127].

Most forms of decompression surgery involve extensive dissection of the
periorbita, including the pulley insertions in the orbital wall, the creation of large
osteotomies from orbital rim to apex, followed by incision of the periorbita. If
pulley stability relative to the orbital wall was due only to their direct insertions in
the wall, such procedures would be expected to greatly influence ocular motility.
From this viewpoint, it is surprising that motility disturbances occur in only a
minority of patients after orbital decompression.

Our purpose is to study possible causes of motility disturbances as a result of
orbital decompression surgery in patients with Graves’ orbitopathy. Rectus muscle
paths were measured before and after the translid and coronal approach to
decompression surgery, and the relationship of path displacements to ocular
motility parameters - changes in maximum duction and in diplopia - was
determined.

2. METHODS

Sixteen patients were included in a prospective, non-randomized cohort study
conducted over two years. Included patients were between 18 years and 65 years
of age, diagnosed with Graves’ orbitopathy, candidates for either translid or
coronal decompression surgery (see below), and available for pre-operative MR
(Magnetic resonance) imaging. Severity and activity of orbitopathy, the need for
decompression surgery, and the approach were determined by a single surgeon in
all cases (MPM). Criteria favoring translid surgery included unilateral proptosis or
the possibility of a receding hairline (especially males), since coronal surgery may
leave a visible scar, whereas criteria favoring coronal surgery included severe or
bilateral proptosis [118].
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Patients were excluded from the study if they were ineligible for MR imaging
because of the presence of any metallic material in the skull (except for dental
fillings), a history of psychosis or claustrophobia, or near visual acuity less than
0.3, the minimum required to see the fixation marks in the scanner bore. Four
patients were excluded because they did not complete the study: two had
claustrophobic complaints during the first (pre-operative) MR scan, and two did
not show up for the post-operative MR scan. None of these four patients had
decompression-induced duction changes and all had Not Worse diplopia (see
below).

The study protocol involved three-dimensional cine MRI scanning (see below)
and orthoptic examination (see below) less than one week before decompression
surgery and three to six months after surgery. Of the 16 patients, six (n = 10 orbits)
underwent translid surgery and were included in the translid group. Ten patients (n
= 20 orbits) underwent coronal surgery and were included in the coronal group.

All subjects were treated in accordance with the tenets of the Declaration of
Helsinki, and prior written informed consent was obtained after the nature of the
study had been explained. The approval of the institutional review board of our
hospital was granted for the research protocol and the informed consent form.

A) Ocular motility

Ocular motility was always assessed by the same researcher. It consisted of cover
test, cover prism-test, Lancaster-Hess chart and measurement of monocular
maximum ductions (abduction, adduction, elevation and depression) in degrees for
both eyes, with the forehead and chin fixated in a modified Goldmann perimeter,
as described previously [119]. Ocular motility was assessed one week before and
three to six months after surgery. Horizontal and vertical diplopia changes as a
result of decompression surgery were classified separately as follows:

& Not Worse - defined as unchanged or less diplopia

& Worse - defined as a shift from no diplopia in any gaze to diplopia in the
extremes of gaze, or a shift of diplopia in the extremes of gaze to diplopia in
primary or reading position

® Much Worse - defined as a shift of no diplopia to diplopia in primary or
reading position.

B) Rectus muscle paths

MR gradient echo T1-weighted three-dimensional cine sequences were acquired in
a stop-shoot (see below) manner on a 1.5 Tesla MR scanner (Philips Gyroscan NT
version 6.0, Eindhoven, the Netherlands). A head-coil was used in TFE (Turbo
Field Echo) mode with settings: TE (Echo Time) 4.598 ms, TR (Repetition Time)
9.36 ms, Flip Angle 20 degrees, matrix 256x256x20, resulting in an acquisition
time of 15s per volume and a voxel size of 0.8x0.8x2.0 mm.

The patients sequentially fixated on three rows of numbered marks placed on
the inside of the scanner-bore. After the acquisition of a volume (shoot), the
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Figure 1. (left) a: Detail of fixation device with numbered fixation marks; (right) b:
subject on dolly in front of MR scanner bore, with fixation device in place and adjusted
to proper distance to globes.

patient fixated the next fixation mark (stop), and then the next volume was
acquired, efc. One row was horizontal relative to the head of the patient in the
scanner and had nine fixation marks placed at intervals corresponding to
approximately an 8° gaze angle difference (from -32° over 0° to +32°). Two rows
were vertical relative to the head of the patient. Each of these two rows had seven
fixation marks placed at 8° intervals (from -24° over 0° to +24°), one row straight
ahead of the right eye (with the left eye abducted 20°), and one row straight ahead
of the left eye (with the right eye abducted 20°). Thus, one sequence of nine MR
volumes corresponding to nine different horizontal gaze positions (from 24°
abduction to 40° adduction for each eye in the vertical 0° position), and two
sequences of seven MR volumes corresponding to seven different vertical gaze
positions each (from 24° elevation to 24° depression for each eye in 20°
abduction, and the other eye in the horizontal 0° position) were obtained. See
Figure 1.

Actual gaze angles were corrected for parallax taking into account
interpupillary distance and distance of lateral orbital rim to the fixation marks
[3;7]. Motion of the head of the patient was restrained by a flexible headband. The
T1 relaxation times were coded as 12-bit signal intensities and the resulting
volume sequences were stored in DICOM (Digital Imaging Communications in
Medicine) 3.0 format as series of separate consecutive images. The volume
dimensions were calibrated in mm by the scanner software. To minimize post-
processing, the patient’s head was aligned in the scanner to have the
interhemispheric fissure aligned with the scanner’s y-axis, and the long axis of the
lateral rectus muscles with the z-axis. See Figure 2 for an explanation of the axes.

Rectus muscle paths were defined as the line connecting the centroids (the
digitally computed center of gravity of the muscle boundary) of muscles in
consecutive planes perpendicular to the orbital axis. They were located following
the methods set forward by Clark, Miller and Demer [31;33]. Our method to
determine rectus muscle paths from the volume data is very similar to theirs: in
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Figure 2. Osteotomies for (top) translid (two-wall) and (bottom) coronal (three-wall)
decompression. Translid osteotomies are shown in blue, coronal osteotomies in red. The
orbital  walls and the anterior skull have Dbeen volume rendered
(“http://www.isi.uu.nl/people/michael.”) from pre-operative high-resolution computed
tomography (CT) data. The medial orbital wall is very thin, and in some areas the bone is
incorrectly not shown. The arrows illustrate the orientations of the x-, y- and —z-axes.

brief, as follows. Image analysis was performed using the Image] program
(developed by Wayne Rasband at the United States National Institutes of Health
and available at “http://rsb.info.nih.gov/ij”) and additional programs (by the first
author and available at “http://www.isi.uu.nl/people/michael.”).

The MRI volume data were normalized by a single (trilinear) interpolation to
minimize data loss. For this interpolation, the inter-hemispheric fissure of the brain
was aligned with the y-axis of the volume (‘chin to crown’), the line connecting
both optic nerves in the coronal plane were aligned with the x-axis of the volume
(‘ear to ear’), and the anteroposterior axis of the orbit was aligned with the z-axis
of the volume (‘nose to nape of neck’). This last normalization was necessary
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Figure 3. Determination of rectus muscle path centroids and displacement of orbital
center and muscle paths in normalized MRI scan perpendicular to the orbital axis
approximately 3mm before the globe-optic nerve junction. Above (A,B,C): right orbit of
typical translid group patient. Below (D,E,F): right orbit of typical coronal group
patient. A) Muscle paths and orbital circumference before and B) after translid two-wall
surgery. C) Schematic drawing of circumference of orbital soft tissue and rectus muscle
paths of same patient before (black) and after (light gray) surgery. The orbital tissue
expands downward as a result of the decompression surgery. The inferior rectus muscle
path shows the largest (downward) displacement relative to the orbital center, in this case
0.8mm. The orbital center is also displaced downward, causing a relative upward
displacement of the superior rectus path. D) Muscle paths and orbital circumference
before and E) after coronal three-wall surgery. D) Schematic drawing of circumference
of orbital soft tissue and rectus muscle paths. The orbital tissue expands medially and
laterally as a result of the decompression surgery. The medial rectus path is displaced the
most, in this case 0.7mm. The orbital center moves only slightly. The bony orbital walls
are not visible. The bars indicate 10mm. SR = superior rectus muscle path, IR = inferior
rectus muscle path, LR = lateral rectus muscle path, MR = medial rectus muscle path, O
= centroid of orbital circumference. Arrow indicates superior oblique muscle tendon.

because left and right orbits were scanned in a single volume sequence with the z-
axis of the volume along the anteroposterior axis of the skull [41].

The normalizations never needed to be larger than 5°. The gaze angle was
checked using the position of the optic nerve-globe junction. After enlarging the
orbital volume data 4 times, the x-(mediolateral) and y-(superoinferior)
coordinates of the area centroids of the extraocular rectus muscles and of the
orbital soft tissue were measured (in mm) in the coronal plane by tracing their
boundaries. See Figure 3.
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The area centroid of the orbital wall circumference was used as the origin to
normalize the muscle path positions to a semi-orbitocentric coordinate system as
shown in Figure 3. In this coordinate system, the x- and y-coordinates are
measured relative to this origin while the z-coordinates (the ‘Planes’ below) are
measured relative to the position of the globe-optic nerve junction [115]. Since the
thin bony orbital walls are not visible in MR images, the boundary of orbital soft
tissue in that volume was used to trace the orbital wall circumference. This implies
that the plane in which the orbital circumference and the orbital center were
measured can differ before and after decompression surgery. In other words, no
regard was made to pre-operative location of the orbital center or orbital walls in
determining the origin of the post-operative coordinate system. The MR slice
thickness (the z-dimension of the voxel) was 2.0mm, and in the x- and y-
dimension 0.8mm, making measurements in the z-dimension less accurate. Planes
perpendicular to the orbital axis were defined relative to the globe-optic nerve
junction.

The rectus muscle paths were determined in Plane—1 which lies between 2 to 4
mm anterior to the globe-optic nerve junction, the most anterior plane in which the
rectus muscles paths have shown to be stable as gaze varies [31]. This plane is
located just a few mm posterior to the region where the sharp inflection (as gaze
varies) of the rectus muscles was found in the studies of Clark et al., which is
thought be the functional location of the pulleys [31;33]. Since decompression
surgery results in a posterior shift of the globe and the anterior orbital tissues, the
anteroposterior location of Plane-1 relative to the orbital bony walls was usually
not the same before and after surgery.

The position of the globe center was measured relative to the semi-
orbitocentric coordinate system, in the plane corresponding to the center of the
globe on the z-axis, usually Plane-6 or Plane-7, i.e. between 12 to 14 mm anterior
of the junction. Rectus muscle cross-sectional areas (almost perpendicular to the
long axis of the muscle) were determined in Plane+1, between 2 to 4 mm posterior
to the junction.

To validate the above method, rectus muscle paths were measured in four
control subjects (8 orbits) without ocular pathology. No significant differences
(two-tailed t-test according to Satterthwaite [12], p >0.1) were found between the
x- and y-positions of the muscle paths thus found and the results in the study by
Clarke et al. [31].

Muscle paths were determined in primary position using the above method. To
study the stability of muscle paths as a function of gaze, their motion as a function
of gaze position was studied. Two-dimensional MRI dynamic color mapping
(MRI-DCM) can objectively measure the motion in two-dimensional (2-D)
sequences of MRI images employing a gradient optical flow algorithm [7], and has
been validated on phantoms [3].

2-D image sequences were extracted from the horizontal and vertical gaze
volume sequences in Plane-1 and carefully registered since motion estimation may
be confused by head movements [148]. MRI-DCM was then used to determine the
motion (in mm/degree of gaze change) of the muscle paths (relative to primary
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position) perpendicular to the orbital axis in the sequences. The motion estimates
within the boundaries of the muscle tracings (see above) were averaged so that two
(one horizontal and one vertical) averages (in mm per degree of gaze change)
resulted for the motion of each muscle path as a function of gaze.

C) Decompression surgery

The different surgical techniques for decompression surgery have been described
extensively [88;118;137]. Only those details pertinent to an understanding of their
potential effect on rectus extraocular muscle paths are described here. During
translid (two-wall) decompression surgery, the periorbita is dissected from the
orbital floor and the medial wall. Large osteotomies are then created in the bony
orbital floor from the orbital rim as far as the posterior wall of the antral cavity and
about halfway up the bony medial wall, from the lacrimal bone to the posterior
ethmoidal artery. See Figure 3 (top).

During coronal (bilateral three-wall) decompression surgery, the periorbita is
dissected from all four orbital walls up to the apex. Large osteotomies are then
created in the bony lateral wall, in the medial wall from the lacrimal bone to the
posterior ethmoidal artery, and in the medial part of the bony floor from the lower
edge of the lacrimal bone up to about the infraorbital nerve. See Figure 3 (bottom).

The bony strut between inferior and medial wall was usually preserved except
in cases of extreme proptosis. In both surgical techniques, the anterior periorbita is
incised circumferentially and the posterior periorbita is incised radially to increase
herniation of the soft tissues. The osteotomies are usually made as large as
circumstances allow, depending on criteria assessed by the surgeon, such as the
amount of pre-operative proptosis, and on per-operative accessibility of bony areas
and flexibility of intra-orbital tissue.

D) Masking
The researcher localizing rectus muscle paths (MDA) was masked to orthoptic

findings, and the researcher performing orthoptic examination (MELdG) was
masked to rectus muscle path findings.

E) Statistical issues

Averages are presented as meantstandard deviation. Rectus muscle path positions
were compared with a two-tailed Student’s 7 test. Centrifugal displacements are
defined as either vertical or horizontal displacements of the muscle path away from
the orbital center. The ¢ value for multiple comparisons was corrected with the
Bonferroni adjustment method [12]. To correlate rectus muscle path displacements
to duction and diplopia changes, displacements were computed for each individual
patient from the translid and coronal groups by subtracting the preoperative
muscle path x- and y-positions from the postoperative x- and y-positions (in mm).
Duction changes (A) for each individual patient were computed as the difference
between the absolute value of the duction after surgery minus the absolute value of
the duction before surgery (in °). Correlation coefficients (r) were computed using
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Before surgery [[After surgery
(Pooled, n = 30)||translid (n = 10)||\coronal (n = 20)
() () ()

A Abduction 39.3+10.5 39.9+9.8 33.69.0
A Adduction 44.846.2 46.843.3 44.2+3.9
A Elevation 26.247.8 24.8+10.7) 23.318.1
A Depression 55.5:6.6]] 57.5+4.6 56.45.1

Table 1. Averaged monocular maximum ductions A before and after translid and coronal
decompression surgery. Maximum ductions in degrees (°) from primary position.
Average maximum ductions that undergo significant (p < 0.05) displacements from
before to after surgery compared to all pre-operative (both pre-coronal and pre-translid)
positions are indicated in gray.

Pearson’s product moment correlation function and compared using the statistic

n—2 . . .
t= > [12]. Linear regressions were computed using square error
1-r

minimization. Data analysis was performed using Excel 7.0 (Microsoft Corp,
Seattle, WA).

3. RESULTS

A) Baseline characteristics
The mean age at inclusion was 48.4+11.2 years (translid group 49.2+12.8, coronal
group 48.0£10.7). The mean duration of Graves’ orbitopathy before surgery was
3.443.3 years (translid group 2.6£2.2, coronal group 3.843.8). 5% of patients were
males (translid group 14%, coronal group 0%). The maximum ductions before and
after surgery are given in Table 1.

There were no significant changes from before to after surgery, except for a
significant (p = 0.04) 5.7 degrees average decrease in maximum abduction after
coronal decompression.

The distribution of diplopia changes was: in the translid-group, horizontal
diplopia: Not Worse 6 (60%), Worse 1 (10%), Much Worse 3 (30%); vertical
diplopia: Not Worse 4 (40%), Worse 2 (20%), Much Worse 4 (40%). In the
coronal-group, horizontal diplopia: Not Worse 5 (25%), Worse 7 (35%), Much
Worse 8 (40%); vertical diplopia: Not Worse 16 (80%), Worse 2 (10%), Much
Worse 2 (10%).
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Figure 4. Averaged rectus muscle paths positions in Plane-1. a) (top) before any surgery
and after translid decompression surgery. b) (bottom) before any surgery and after
coronal decompression surgery. The averaged positions before surgery are the same in a)
and b) and have been averaged over all translid and coronal group patients. The positions
of the paths 2-4mm anterior to the globe-optic nerve junction (Plane-1), are shown in
mm relative to the orbital center and as if facing the subject for a right-sided orbit. Paths
for the left orbit have been mirrored. Error bands = + one standard deviation. (squares)
preoperative positions; (circles) postoperative positions. SR = superior rectus muscle
path, IR = inferior rectus muscle path, LR = lateral rectus muscle path, MR = medial
rectus muscle path.
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Before surgery After surgery

(Pooled, n = 30) p-translid (n = 10) p-coronal (n = 20)

X (mm) y (mm) X (mm) y (mm) X (mm) y (mm)

MR 12.8+1.2 -0.1+1.0 13.0+1.0 -1.0+1.2 15.1£1.4 | -1.5+1.0
IR 2.811.5 -11.8+1.0 2.7+0.9 -13.9+1.7 3.1¥1.4 | -12.5%1.2
LR | -12.1£2.1 -1.8+1.0 -12.9+1.4 -1.2+1.4 -13.0+1.3 | -2.2+1.4
SR -0.4+0.4 11.8#1.2 -1.0£1.2 13.0£1.1 -1.0£1.3[ 11.2+1.0

Table 2. Averaged rectus muscle paths positions before and after translid and coronal
decompression surgery. Positions in mm relative to orbital center. Average positions that
undergo significant (p < 0.001) displacements after surgery compared to all pre-operative
(both pre-coronal and pre-translid) positions are indicated in gray. MR = medial rectus
muscle path, IR = inferior rectus muscle path, LR = lateral rectus muscle pat, SR =
superior rectus muscle path.

B) Path positions and displacements

Path positions were measured in primary position. Averaged x- and y-positions of
the rectus muscle paths before and after decompression are summarized in Table 2.

The averaged positions before decompression of all translid and coronal group
patients were not significantly (p > 0.15) different from the average positions in
normals found in the study by Clark et al. [31]. Nevertheless, the standard
deviations of the averages of the translid and coronal group were larger than the
standard deviations in normals. The average positions before decompression of the
translid group patients were not significantly different from the average positions
before decompression of the coronal group patients.

There was usually no difference (p > 0.1) between the averaged positions of
the translid group patients before and after decompression surgery, except for a
significant (p < 0.00005) centrifugal displacement of the inferior rectus muscle
path (average displacement 2.1mm). There was also no difference (p > 0.1)
between the average positions of the coronal group patients before and after
decompression, except for a significant (p < 0.00005) centrifugal displacement of
the medial rectus muscle path (average displacement 2.5mm). See Table 2, and
Figure 4.

C) Paths and motility

Correlation coefficients of muscle path displacements with changes in maximum
duction and diplopia were determined in the translid group (Table 3) and coronal
group (Table 4) patients. Table 3 shows the correlation coefficients of vertical
muscle path displacements with motility changes for the translid group patients.
There was a significant (p < 0.007) positive correlation (r = 0.9, 95% confidence
interval (CI): 0.74 < r < 0.98) between increase of maximum depression and the
amount of centrifugal displacement of the inferior rectus muscle path. This
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MRS, | IR5,|LRS,| SRS,

A Abduction
A Adduction

A Elevation

A Depression 0.9

Horizontal diplopia

Vertical diplopia 0.9

Table 3. Correlation between centrifugal, i.e. from the orbital center outward, vertical
muscle path displacement 8, (mm) to increase in maximum duction A (°) and to change in
diplopia in the translid group. n=10. A positive correlation means that a centrifugal
displacement is correlated to an increase in maximum duction or more diplopia.
Significant correlations (p <= 0.05) are shown in black, others in light gray. SR =
superior rectus muscle path, IR = inferior rectus muscle path, LR = lateral rectus muscle
path, MR = medial rectus muscle path.

relationship is illustrated in the scatter-plot in Figure 5, with a linear regression
with R* = 0.72 also shown. There was also a significant (p < 0.004) positive
correlation (r = 0.9, 95% confidence interval (CI): 0.79 < r < 0.98) between an
increase in vertical diplopia and the amount of centrifugal displacement of the
inferior rectus muscle path. All other correlations of any displacement with any
vertical or horizontal motility changes, and especially with superior rectus
displacement and maximum elevation, were not significant (p > 0.2) in the
translid group patients.

Table 4 shows the correlation coefficients of horizontal muscle path
displacements with motility changes for the coronal group patients. There was a
significant (p < 0.003) negative correlation (r = -0.7, 95% CI: -0.92 < r < -0.43)
between increase in maximum abduction and the amount of centrifugal
displacement of the medial rectus muscle path.

Thus, a larger displacement correlates with a decreased maximum abduction.
This relationship is illustrated in Figure 6, with a linear regression with R* = 0.58
shown. There was also a significant (p < 0.05) positive correlation (r = 0.6, 95%
confidence interval (CI): 0.14 < r < 0.82) between an increase in horizontal
diplopia and the amount of centrifugal displacement of the medial rectus muscle
path. All other correlations of displacements with vertical and horizontal motility
changes, and especially maximum adduction, were not significant (p > 0.2) in the
coronal group patients.

Table 5 shows that rectus muscle cross-sectional areas in Plane+1 did not
significantly (p > 0.4) change as a result of decompression surgery. The x- and y-
coordinates of the center of the globe did not shift significantly relative to the
orbital center from before to after surgery (p > 0.15) in either groups.
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MR, | IR, | LRO, | SR &
A Abduction -0.7
A Adduction

A Elevation

A Depression

Horizontal diplopia 0.6

Vertical diplopia

Table 4. Correlation between centrifugal horizontal muscle path displacement & (mm) to
increase in maximum duction A (°) and to change in diplopia in the coronal group. n=20.
A positive correlation means that a centrifugal displacement is correlated to an increase
in maximum duction or more diplopia. Significant correlations (p <= 0.05) are shown in
black, others in light gray. SR = superior rectus muscle path, IR = inferior rectus muscle
path, LR = lateral rectus muscle path, MR = medial rectus muscle path.

Before surgery | After surgery

m mm"

MRM 32.549.1 32.7+09.1
IRM 20.3+6.4 21.5+07.9
LRM 18.5+3.5 19.7+04.2
SRM 16.8+4.3 17.1+04.7

Table 5. Rectus muscle cross-sectional areas before and after surgery (both translid and
coronal groups). Differences are not significant (p > 0.5). SRM = superior rectus muscle,
IRM = inferior rectus muscle, LRM = lateral rectus muscle, MRM = medial rectus
muscle.

D) Path stability as gaze varied

The average motion computed using dynamic color mapping of the rectus muscles
in Plane —1 perpendicular to the orbital axis was 0.25+0.12 mm per gaze change of
8°, for all muscle paths, in both translid and coronal groups, for both horizontal
and vertical gaze sequences, and both before and after surgery.

Visual inspection of the sequences showed the motion to be regular over the
entire gaze trajectory, without sudden changes at the extremes of gaze.
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Figure 5. Scatterplot of centrifugal, i.e. from the orbital center outward, vertical
displacement of the inferior rectus muscle path IR &, (mm), resulting from translid

decompression versus increase in maximum depression A (°). n=10. The straight line is a
linear regression with least squares R* = 0.72.

4. DISCUSSION

The findings indicate that:

@

anterior rectus muscle path positions in patients with Graves’ orbitopathy,
with similar restricted motility as the patients in this study, are the same as in
normals [31].

rectus muscle path stability (as gaze varies) in patients with Graves’
orbitopathy, with similar restricted motility as the patients in this study, is the
same as in normals [31].

rectus muscle path positions are generally unchanged from before to after
decompression surgery, with two exceptions. Translid surgery results in an
average of 2.1mm centrifugal displacement of the inferior rectus muscle path,
and coronal surgery results in an average 2.5mm centrifugal displacement of
the medial rectus path.

rectus muscle path stability (as gaze varies) is unchanged from before to after
decompression surgery.
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Figure 6. Scatterplot of centrifugal horizontal displacement of the medial rectus muscle
path MR 8x (mm), as a result of coronal decompression versus increase in maximum
abduction A (°). n=20. The straight line is a linear regression with least squares R* =
0.50.

¢ the amount of centrifugal displacement as measured in the semi-orbitocentric
coordinate system (which may lead to less accurate results than measurements
in an oculocentric coordinate system, as discussed below) is related to the
amount of change of two reasonably objective parameters of ocular motility
disturbance: the amount of change of maximum duction and the amount of
change of diplopia as a result of decompression surgery.

It can be argued that the displacements are not the effect of surgery, but of
measurement errors or the fact that the muscle paths are unchanged in primary
position only, and are unstable as gaze varies because of weakened coupling to the
orbital walls. Indeed, our method of inferring rectus muscle paths differs from that
in the literature, the voxel size in the volumes obtained by this method is larger
than that used by Clark et al., and the normalization interpolation may have
introduced subtle shifts. However, we have taken great care to validate our
method, as mentioned in the methods section, and there were no significant
differences between normals positions determined by our and by the method
described by Clark et al.

The larger standard deviations compared to Clark’s study are probably an
effect of the larger and more variable cross-sectional muscle areas due to the
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orbitopathy. (The advantage of our method is that patients need to fixate a single
target for only 15 seconds, resulting in fewer motion artifacts and less MR noise).
Another argument in favor of an effect of surgery is that specifically the muscles
closest to the largest osteotomy, i.e., the orbital floor in translid surgery and the
medial wall in coronal surgery, were found to have the largest displacements. That
the displacements are due to surgery and not an effect of gaze position, caused for
example by weakened coupling, is indicated by the results from the MRI-DCM
motion study. These indicate that muscle paths both before and after surgery move
only relatively slightly as gaze varied. If the motion is assumed to be regular over
the whole trajectory, a motion of 0.25+0.12mm per gaze position correspond to
average displacements of 0.75+0.36mm on abduction (24°), 1.0+0.48mm on
adduction (40°), 0.75£0.36mm on elevation (24°) and 0.75+0.36mm on depression
(24°), which are similar to the displacements found in normals [31].

Our findings indicate that the positions of most rectus muscle paths remain
unchanged by decompression surgery. Nevertheless, specific extraocular muscle
paths are displaced in a specific, centrifugal manner, namely the inferior rectus
muscle path after translid surgery and the medial rectus path after coronal surgery.
This is not surprising, in view of the close relationship of the involved muscle and
its bony support (the orbital floor respectively medial wall) that is removed. It is
important to understand that the displacements are relative to the functional center
of the orbit. For example, the path of the superior rectus muscle can obviously not
be displaced upward as a result of translid surgery since the orbital roof is not
removed. However, because the orbital contents are shifted downward, the
functional center also shifts downward, and relative to this center, the path may be
displaced upward in some patients.

How do these specific displacements cause ocular motility disturbances? The
findings indicate that the amount of centrifugal displacement of a rectus muscle
path is related to the amount of specific changes in maximum duction and diplopia
after both translid and coronal surgery. The amount of centrifugal displacement of
the inferior rectus muscle path was found to be related to an increase in maximum
depression and vertical diplopia after translid surgery in each individual patient.
Similarly, the amount of centrifugal displacement of the medial rectus muscle path
was found to be related to a decrease in maximum abduction and horizontal
diplopia after coronal surgery. Because the center of the globe did not shift
significantly from before to after surgery, the centrifugal displacement of the
anterior path of a muscle results in an increase in the length of its path to the globe
to an even larger amount (since the muscle has to ‘fold’ through the pulley).

The result is an increase in the elastic component of the muscle force, causing
either an increased duction in the direction of action of that muscle or a decreased
duction in the direction of the antagonist of that muscle. In this regard, the pulley
is part of the problem: if the pulley was not there, or more elastic, the path would
not have to deviate so much.

Other explanations that have been proposed for the induction of postoperative
motility disturbance after decompression surgery include posterior removal of the
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ethmoid [110], amount of proptosis reduction [56], preoperative abnormal motility
[56;121], activity and severity of Graves’ orbitopathy and previous radiotherapy
[87]. However, little evidence has been brought forward to support these
explanations, and most of the studies were retrospective and based on comparisons
of outcome of different surgical techniques. Size and extent of osteotomy, muscle
paths and post-surgical muscle displacements were never determined. In a study of
138 patients from the same institution and operated by the same surgeon as the
patients in this study, Kalmann et al. were unable to establish any relationship of
age, gender, duration of orbitopathy, severity of orbitopathy, previous treatment
with steroids, previous treatment with radiotherapy, amount of proptosis reduction
or amount of preoperative motility disturbances, of ductions or of diplopia, to
newly induced or aggravated diplopia by either coronal or translid decompression
surgery [87]. Interestingly, Seiff et al., observed that not incising the anterior
periorbita led to a lower incidence of postoperative diplopia [132]. This fits with
the mechanism introduced in this study, since the rectus muscle pulleys that
determine the muscle paths insert into the anterior periorbita. In another,
retrospective, study by Goldberg et al. it was shown that balanced decompression
surgery (of the lateral and medial wall) results in less postoperative diplopia than
unbalanced decompression surgery (lateral wall only) [68]. The coronal
decompression can be thought of as ‘balanced’ and the translid decompression as
‘unbalanced’ if the decompression of the floor is discounted. Our findings do not
give evidence that the centrifugal displacement of the medial rectus muscle is less
with the ‘balanced’ approach than with the ‘unbalanced’ approach. However, the
osteotomy in the medial wall is much smaller in the translid than in the coronal
approach, and in the coronal approach the osteotomy in the lateral wall is much
smaller than that in the medial wall. One may, on the basis of our findings, be
justified in expecting the centrifugal displacements of the medial and lateral rectus
muscles to be of comparable size as a result of balanced decompression surgery
and, possibly, a lower frequency of manifest diplopia and ocular muscle
imbalances, provided that lateral-and-medial-wall decompression results in lateral
and medial osteotomies of comparable size. Other theoretical explanations for
duction changes, such as muscle atrophy or hypertrophy are unlikely since the
findings indicate that muscle cross-sectional areas do not change as a result of
surgery.

In the present study, muscle path positions have been measured in semi-
orbitocentric coordinates [31]. The effect of muscle actions is determined by their
topographical relation to the (center of the) globe, and an oculocentric coordinate
system is expected to be more precise in modeling the effect of muscle path
position on ocular motility [33]. For the present study, a semi-orbitocentric
coordinate system was chosen to allow comparisons of our results to earlier muscle
path studies in normals [31], and because the pulleys stabilize the muscle paths
relative to the orbit, so that displacements of these paths should also be measured
relative to the orbit. The two coordinate systems do not exclude each other and are,
mathematically speaking, dependent.
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Theoretically, a postoperative centrifugal displacement of one of the muscle
paths could have been accompanied by a shift of the globe center in the same
direction — something that could not be detected if only the muscle paths are
measured relative to the orbital center — and in that case, the proposed mechanism
could not apply. However, the center of the globe was found not to shift
significantly as a result of surgery.

In contrast to what might be expected on the basis of the studies by Miller,
Demer and others [32;34;95], it is not the postoperative position per se of any
muscle path, but the surgically induced displacement of the path that is related to
motility parameters.

It is important to emphasize the implication of the finding that the rectus
muscle paths generally remain unchanged from before to after decompression
surgery, even though the insertions of the pulleys on the periorbita and orbital wall
have been damaged or removed altogether. The implication is that either the
anterior connective tissue in the orbit is stable enough to permanently hold the
muscle paths in their proper positions, without the direct coupling to the orbital
wall or periorbita ever being restored, or the connective tissue is capable of
holding the paths in their normal relative positions, long enough for their normal
direct attachments to the orbital wall and periorbita to become reinserted, so that
direct coupling is reestablished.

This study does not allow one to assert either the first or the second hypothesis,
since we have been unable to reliably determine the rectus muscle paths directly
after surgery. This was found to be very difficult because MRI scans obtained at
this time have low quality due to the edematous orbital tissues, which interferes
with the T1 signal from the fat. However, anecdotal evidence suggests that the
coupling to the orbital wall may not be very important the ocular motility of these
patients was evaluated quite frequently after decompression surgery with cover,
duction and prism tests, and no important differences were found between the
motility at two weeks and at six months after surgery (Personal communication,
MELAG). In either case, the stability indicates that the anterior orbital connective
tissue forms a ‘functional skeleton’ of connective tissue that is able to maintain
spatial relationships between orbital structures, even without direct coupling to the
bony orbit. These findings would seem confirm the observations of Koornneef and
Demer et al., that the connective tissue posterior to Tenon’s capsule has sufficient
stiffness to maintain spatial relationships among orbital structures [45;94], which
may also explain why motility disturbances after decompression surgery do not
occur more often.

In conclusion, in the patients in this study, rectus muscle paths were found to
be the same in Graves’ orbitopathy as in normals. Decompression surgery was
found not to influence the stability of the paths as gaze varies, and was also found
not to cause displacements of the paths, except for translid surgery that was found
to displace the path of the inferior rectus and coronal surgery that was found to
displace the path of the medial rectus muscle to a greater or lesser degree. A
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biomechanical mechanism for the motility disturbances caused by decompression
surgery may be that the osteotomies cause a centrifugal displacement of the closest
rectus muscle path and may so increase the elastic component of the muscle force.
Further study in more extensive groups is required to confirm these findings, to see
whether it is possible to predict which patients are the most susceptible to
centrifugal muscle displacements and whether decompression surgical techniques
can be adapted to prevent displacements in the future. Meanwhile, in order to
prevent ocular motility disturbances as much as possible, it may be advisable to
avoid osteotomies near the locations of the pulleys, not extending them to the
orbital rim, and avoid incision of the anterior periorbita (and the posterior
periorbita over the muscles).
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General discussion

The research reported in this thesis had two major aims: to find methods for objective measurement of
motion in the orbit, and to determine their application to patients with orbital disorders. The findings of
the individual studies are summarized, and implications for our knowledge of the normal orbit and of
pathologic conditions of the orbit are discussed.

1. SUMMARY OF FINDINGS

A) Chapter 2

This chapter summarizes the literature on motion measurements in the orbit up to
1997 and shows how objective measurement may lead to clinical applications.

B) Chapter 3

This chapter gives a precise description of the imaging methods that were used in
the remaining chapters of this thesis.

C) Chapter 4
The findings show that the Lucas and Kanade optical flow algorithm [101] is the
most reliable algorithm for determining rotational and translational motion in MR
image sequences. The findings also show, for this and similar applications, that
Gaussian derivative computation is superior to other methods of derivative
computation, such as central differences or the Sobel operator [29;71;143].
Prefiltering by diffusion filtering [124] was found not to improve motion
estimations. Sirloin steak phantoms were introduced as an MR model of orbital
tissue. Dynamic color mapping was found to be effective for multimodal
visualization of optical flow fields, by mapping magnitude and orientation the
motion vector combined with the anatomy onto a single pixel.

The findings are in contrast to those by Barron et al. [19], who found that, in
real and simulated image sequences of light reflection scenes, the optical flow
algorithm by Fleet et al. [59] obtained the most reliable results, while Lucas-
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Kanade came in second. This performance difference may be explained by the
differences between natural and medical image sequences as discussed in the
Introduction, such as partial volume effects and anisotropic phase effects. Optical
flow algorithms for radiological motion sequences, e.g. for ultrasound images and
tagged-MR images, have been studied by other authors [47;125]. The choice of
algorithm to estimate motion from cine MR image sequences has so far been ad
hoc [11;165]. The choice of the derivative operator for those algorithms that use
derivatives [78;101;153] has also been ad hoc [19]. Isotropic diffusion prefiltering
has been shown to actually decrease performance, though it has been advocated by
some authors as a means to improve the performance of gradient optical flow
algorithms on MR image sequences [11;165].

The findings have established a foundation for future cine MR optical flow
studies as far as the alternatives of optical flow algorithm and derivative operator
are concerned. The finding that dynamic color mapping is an effective means of
rendering the motion field combined with the anatomy may establish this method
as an alternative to hedgehog plots [19], or spotnoise mapping [162] in specific
applications.

D) Chapter 5

The findings described in this chapter show that objective measurement of three-
dimensional motion from three-dimensional MR sequences by an optical flow
algorithm is feasible. The findings also show that the Lucas and Kanade algorithm
[101], which has the best performance on two-dimensional MR sequences, can be
generalized to three dimensions. The validity of the three-dimensional motion
estimates obtained by this algorithm was established for translation, rotation and
simulated deformation. Scintillation rendering was found to be effective for the
multimodal visualization of three-dimensional motion in conjunction with tissue
anatomy.

Other approaches to three-dimensional tissue motion estimation with optical
flow algorithms have been described. Song and Leahy [144] found that a three
dimensional generalization of Horn and Schunk’s [78] algorithm can estimate
motion in three-dimensional cine CT sequences of the human heart. They
constrained the motion estimates with a model of ventricle wall motion. They have
shown the validity of their method employing ultrasound-gel phantoms. However,
the results obtained with CT image sequences do not necessarily carry over to MR
image sequences (Chapter 4). Hata et al. [75] have generalized Horn and Schunk’s
algorithm to three dimensions using a global motion smoothness constraint and
estimated motion in three-dimensional MR difference images of brain tissue before
and during neurosurgery. Their choice of this algorithm is ad hoc, and the use of
the global regularity constraint for non-translational motion has been shown to be
dubious [19].

Many approaches to visualize three-dimensional motion have been described
[17;23;37;81;82;109;160]. All of them involve the visualization of the dynamics of
fluids or gases. They were developed to show interesting (at least from a fluid
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dynamics point of view) motion features such as vortices and shear. Because the -
non-rigid - motion of the tissues in the orbit is largely unknown [96], visualization
methods that show a rich set of features are preferable. Lower level features such
as the orientation and magnitude of individual motion vectors should be visible.
However, a proper visualization method should also allow emergent, i.e., less
local, properties of the motion field to be appreciated. Scintillation rendering, a
newly developed motion-visualization method, shows the individual motion
vectors of small tissue regions in the form of scintillations, but also shows the
emergent, larger scale tissue motion as textures. Scintillation rendering could merit
further study for the rendering of tissue motion.

E) Chapter 6

The findings described in this chapter show that objective measurement of motion
in the orbit is clinically feasible. The motion of several orbital tissues was
measured and expressed in mm per degree of gaze. Objective measurement of
motion may be useful for patients with circumscribed pathologies. Similarities of
motion were used to differentiate space-occupying lesions. Two tumors could be
shown to originate in the rectus muscles and not in the fatty tissue. A biopsy, the
alternative to motion measurement, would have entailed a considerable risk to the
optic nerve in these patients. It may thus be considered as a useful method of
differentiating tumors, as an addition to static MR and CT imaging.

The findings show that motion of orbital tissues is reduced in patients who
have undergone enucleation of the globe (in other words, in the anophthalmic
socket). They also show that the optic nerve can attach itself to the scleral cover of
the baseball implant. This last finding was verified by biopsy. The decreased
motion in the anophthalmic socket has previously been described by Ghabrial et al.
[65]. However, the study in this chapter is the first to report quantitative results.
The attachment of the optic nerve is itself surprising, since promptly after
enucleation, it retracts into the apex of the orbit [36]. We suspected that attachment
might be related to persistent intractable pain that may occur in rare instances [67].
Nevertheless, this suspicion could not be confirmed and thus far, not much clinical
significance has been ascribed to attachment (but see Chapter 7).

F) Chapter 7

The most important finding was a substrate for the persistent intractable pain that
can occur in some patients after enucleation. Persistent intractable pain after
enucleation was defined as pain for which no cause can be found by ophthalmic
biomicroscopic examination or conventional CT or MR imaging, and which is not
treatable by conservative means [67]. The motion of orbital tissues in the
anophthalmic sockets of patients who suffer from persistent intractable pain was
found to be less than in patients without pain. The optic nerve is almost always
attached to the scleral cover of the implant (in patients with and without pain). One
or more microscopic amputation neuromas were found in 80% of biopsies of tissue
in the vicinity of the implant-optic nerve junction.
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Amputation neuromas had been implied by the objective motion
measurements, but could not have been diagnosed using current non-invasive
methods. In three out of the four patients in which microscopic neuromas had been
found, excision led to the resolution of pain. It has been known for quite some time
that friction and pressure increase the likelihood of painful amputation neuroma
[30;108;158]. Persistent pain in the anophthalmic socket is thought to be relatively
rare, and only six cases have been described in the literature [67;112;133]. Only
two cases of optic nerve amputation neuroma have been described in the literature
[112]. Consequently, Chapter 6 is the most comprehensive study of this syndrome
to date, describing ten new patients with persistent and intractable pain and four
patients with microscopic amputation neuromas.

The findings suggest a causal relationship between decreased motion,
(microscopic) amputation neuroma and persistent intractable pain. This may have
implications for enucleation techniques and management of patients with
persistent pain after enucleation. It is not unlikely that these findings can explain
other cases of intractable pain, since microscopic amputation neuromas in the orbit
are not detectable by conventional means, and can only be found indirectly
through decreased motion findings. A more extensive prospective study is required
to determine whether removal of amputation neuroma will indeed lead to a
decrease of pain.

G) Chapter 8
The findings described in this chapter are not easily grasped at first reading.
Concisely, they were the following:

¢ anterior rectus muscle path positions in patients with Graves’ orbitopathy are
the same as in normals;

& rectus muscle path stability (as gaze varies) in patients with Graves’
orbitopathy is the same as in normals;

¢ rectus muscle path positions are generally unchanged from before to after
decompression surgery, with two exceptions. Translid surgery results in an
average of 2.1mm centrifugal displacement of the inferior rectus muscle path,
and coronal surgery results in an average 2.5mm centrifugal displacement of
the medial rectus path.

& the amount of centrifugal displacement is related to ocular motility
disturbance: the amount of change of maximum duction and the amount of
change of diplopia as a result of decompression surgery.

Koornneef [92-94] was the first to show the elaborate fibrous connective tissue
system in the orbit, and the connections of the epimysium (sheath) of the rectus
muscles to this tissue. He proposed that this extensive network of connective
tissue, known as orbital septa, limits the motion of the rectus muscles,
compartmentalizes the orbit and supports the neurovascular structures [93]. His
work was the foundation on which Miller, and later Miller, Demer and coworkers,
have erected the rectus muscle pulley concept, as the primary function of the
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orbital septa [31-34;41-46;113-116;116;117]. Their research, in turn, has shown
that specific parts of the anterior connective tissue (the pulleys) coordinate the
paths and functional insertions of the rectus muscles. The function of the pulley for
the rectus muscles is comparable to that of the trochlea for the superior oblique
muscle. These findings have led Dutton to posit the three components of the orbital
connective tissue: Tenon’s capsule, the anterior orbital suspensory system and the
posterior orbital suspensory system [53]. The findings described in this thesis
indicate that the anterior orbital suspensory system is not only instrumental in
stabilizing the muscle paths relative to the orbital walls [100], but also in
stabilizing the muscles with respect to each other and the globe if no attachments
to the orbital wall are present.

In other words, it preserves the relationships among the orbital tissues without
being attached to another rigid structure (the orbital wall), rather than just
functioning as a suspensory system held in place by the bony orbital wall. The
pulleys and related tissues must have substantial strength to maintain the position
of the muscles after desinsertion from the orbit, as in decompression surgery, and
to remain in positions that are amenable to re-insertion during healing [J.L. Miller,
personal communication]. The anterior suspensory system apparently functions as
a moderately rigid skeleton in its own right.

Koornneef proposed that the orbital septa are important in the pathogenesis and
management of Graves’ orbitopathy [118]. The findings in Chapter 8 clearly
support this notion, but with a twist. Local removal of the orbital wall by
osteotomy during decompression surgery may create a centrifugal displacement of
the rectus muscle closest to the osteotomy. This displacement was found to be
strongly related to postoperative diplopia and postoperative motility disturbances
and is a potential biomechanical explanation for the diplopia that may be the result
of  decompression  surgery in  some, but not all, patients
[49;56;70;87;88;105;110;121;122;130;132;151]. The centrifugal displacement
results in an increase in the elastic component of the muscle force similar to
stretching [116]. Nevertheless, the more effectively the pulley constrains
displacement of the anterior part of the muscle (actually the tendon), the more
severe this stretching effect becomes. Thus, the ocular motility disturbances may
be explained as an “unexpected” effect of the existence of the pulleys and the
connective tissue system: after all, if they had not been present, the ocular motility
disturbances would have been less severe.

The results of strabismus surgery for ocular motility disturbances after translid
decompression are less good than that for strabismus surgery after coronal
decompression [87;130]. The findings described in this thesis indicate that the
mechanism for motility disturbances is different for translid (increased depression)
compared to coronal (decreased abduction) decompression. Though yet
unexplained, these different mechanisms are in line with the different effects of
strabismus surgery cited above. Why surgery causes diplopia or other motility
disturbances by this mechanism in certain patients but not in others is not yet clear.
However, unpublished data suggest that the preoperative volume of the rectus
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muscle that is displaced may have predictive value for the development of diplopia
and ocular motility disturbances.

The finding subjects warrant further study, so that it may one day be possible
to predict and prevent the development of motility disturbances.

2. GENERAL DISCUSSION

Usually, the discovery of a new imaging modality leads to a large number of
publications that describe how known conditions look using the new modality.
Such findings are interesting in themselves, especially if the new modality is
cheaper, faster and better than older modalities.

It is even more interesting, however, if the use of a new imaging modality leads
to new viewpoints on anatomy or pathology.

A brief digression on the nature of scientific research is appropriate here. The
present work is based on two disciplines: orbitology, a branch of ophthalmology,
itself a branch of clinical medicine, and imaging science, a branch of computer
science. These disciplines are different in their research methods, and even their
concept of what constitutes rigorous scientific research is, broadly put, different. In
computer science, the most rigorous evidence is a formal proof, while in clinical
medicine it is a randomized clinical trial. This thesis does not give a formal proof
of the general correctness of objective motion measurement, nor does it offer the
results of a randomized clinical trial as clinical evidence of the benefit of objective
motion measurement in the orbit. Accordingly, the most rigorous litmus tests of
scientific research have not (yet) been met in either field.

Nevertheless, though there are only a few applications where objective motion
measurement has been shown to add value, the present work demonstrates
unequivocally that it can lead to new insights. It has cleared the way for the
discovery of amputation neuromas in the anophthalmic socket and allowed some
orbital tumors to be located more precisely. In addition, the stability of the rectus
muscle paths in relation to orbital surgery was described, and a mechanism was
found for diplopia that may result from decompression surgery, based on the pulley
concept. Further exploration of the clinical use and the limitations of objective
measurement of motion in the orbit seem to be worthwhile. Specifically,
preventing the centrifugal displacements of the inferior respectively medial rectus
muscles after decompression surgery can be determined in future, prospective,
studies. In addition, there are some data to support the notion that the pre-operative
state of the rectus muscles, especially the muscle volume, may predict the
postoperative development of motility disturbances (unpublished data). Though
the validation of this technique has not been feasible, the implantation of gold
beads in the orbit may lead to validation studies in the near future [J.L. Miller,
personal communication].
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Figure 1. Anatomy of the right orbit, showing the pulleys, the relationships between
pulleys, periorbita and the orbital walls, and illustrating some implications of the
research in this thesis.

The orbit has been opened, and the globe and Tenon’s capsule have been removed. In the
superior part of the orbit, the extraconal fat and the periorbita have been removed
additionally. The pulleys (faintly bluish fibers) insert on the orbital walls via the
periorbita (blue arrow), but are stable because of their interconnections (black arrow)
even when the pulley insertions are removed from the wall. See Chapter 8. The intraconal
fat (yellow arrow) has fluid-like behavior, see Chapter 5, even though it is part of the
same connective tissue network as the pulleys.

That applications of the 2-D and 3-D tissue motion measurement techniques
developed for the present work are not limited to ophthalmology is shown in
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cardiology. They are being applied to real-time cardiac wall dyskinesia
measurement in collaboration with Prof. Dr. E. Korsten (Technical University of
Eindhoven), and objective measurement of tissue motion may find applications in
other medical disciplines in the future.

Besides these clinical applications, the findings described in this study, and
especially those in Chapter 8, also have implications for the physiology and
anatomy of the orbital tissues. The present work made me appreciate the orbital
tissues ever more as the organ of gaze. See Figure 1. This notion was reinforced by
my recent findings of the almost fluid-like three-dimensional motion of the fat
within the muscle cone [9]. This finding may indicate that there is a great variety
in the role of connective tissue in the orbit: an anterior component that is so rigid
as to function as a skeleton, and a posterior component that is so elastic as to
behave as a fluid.

An organ is commonly understood to be an anatomical structure that consists
of the maximal set of organ parts so connected to one another that they constitute a
self-contained unit of macroscopic anatomy, distinct both morphologically and
functionally from other such units [1]. It had already been shown by Koornneef
and earlier researchers that the orbital tissues have a self-contained macroscopic
anatomy which is distinct morphologically from other tissues [94]. The orbital
fatty tissue is known to be functionally different from other fatty tissues in the
body [38], one of the reasons why Graves’ orbitopathy strikes where it does. The
findings in Chapter 8 suggest that if even a single structure in the orbital tissues is
displaced by only a few millimeters, gaze may be disturbed and ocular motility
disturbances develop. All of these findings together suggest that the orbital tissues
represent a self-contained unit that allows the eye to gaze, and which does not need
the bony orbital walls to function properly.

In short, the orbital tissues can be thought of as the organ of gaze.
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Samenvatting

Het onderzoek dat in dit proefschrift beschreven wordt had twee belangrijke
doelstellingen: het bepalen van een manier om objectief de beweging van weefsels
in de oogkas te meten, en het bepalen van het klinische nut van dergelijke
metingen. Dit betekende dat een aantal vragen op het gebied van de
beeldverwerking alsook op het gebied van de oogheelkunde diende te worden
beantwoord.

De resultaten van de studie laten zien dat objectieve meting van de twee- en drie-
dimensionale beweging in de oogkas mogelijk is. De beweging in de oogkas kan
twee- en driedimensionaal worden afgebeeld door middel van snelle Magnetic
Resonance Imaging (MRI). De beweging in MRI beelden kan objectief worden
berekend door middel van optische stroom (optical flow) methoden. Eerste orde
locale gradient optische stroom berekeningen verdienen hierbij de voorkeur voor
het berekenen van de beweging. Verder is een aantal technieken ontwikkeld om de
twee- en driedimensionale beweging te visualiseren. Het gebruik van kleuren blijkt
effectief te kunnen zijn bij het afbeelden van beweging, met name in de drie-
dimensionale ruimte.

Uit een tweetal studies bij patiénten is gebleken dat objectieve meting van de
beweging in de oogkas van nut kan zijn bij bepaalde ziektebeelden. Op basis van
bewegingsmetingen is een verklaring gevonden voor onophoudelijke pijn die soms
ontstaat na verwijdering van de oogbol en waarvoor tot op heden nog geen oorzaak
bekend was. Daarnaast zijn bewegingsmetingen van nut gebleken bij het
diagnostiseren van bepaalde oogkastumoren.

Tevens is aangetoond dat de plaats in de oogkas van de oogspieren en de
spierglijders (pulleys) meestal hetzelfde is bij lijders aan de oogkasziekte van
Graves’ en bij gezonde proefpersonen. Ook na heelkundige verruiming van de
oogkas voor deze ziekte verplaatsen de meeste spieren en hun glijders zich niet. Er
is een mogelijke verklaring gevonden voor het dubbelzien dat soms na oogkas-
verruiming optreedt: door de oogkas-verruiming verplaatsen bepaalde oogspier-
glijders wel, waardoor de bijbehorende oogspier wordt uitgerekt en dubbelzien
ontstaat. Vooral deze laatste vondsten hebben geleid tot een idee dat centraal staat
in dit proefschrift, namelijk dat de weefsels in de oogkas een orgaan vormen, het
blik-orgaan.
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Opbouw

Hoofdstuk 1, de introductie, beschrijft de motivatie voor dit onderzoek. Hoofdstuk
2 is een overzicht van de literatuur tot 1997 betreffende de stand van wetenschap
van de functionele anatomie van de oogkas. Hoofdstuk 3 beschrijft de magnetische
resonantie (MR) afbeeldingstechnieken die voor dit onderzoek zijn ontwikkeld en
gebruikt, en hoe deze voor patiénten zo comfortabel mogelijk zijn gemaakt.
Hoofdstuk 4 beschrijft een onderzoek naar de beste optische stroom rekenmethode
voor het bepalen van de beweging in bewegende beelden van de oogkas, laat de
betrouwbaarheid van deze methode zien bij bewegings-simulaties, bij simulaties
met bewegend weefsel en bij beweging in de oogkas, en beschrijft een nieuwe
manier om de beweging zo begrijpelijk mogelijk te visualiseren.

Hoofdstuk 5 beschrijft een veralgemenisering van de berekening van optische
stroom in drie dimensies, en laat de betrouwbaarheid zien bij bewegings-
simulaties, bij simulaties met bewegend weefsel en bij de beweging in de oogkas.
Hoofdstuk 6 beschrijft metingen met de in de voorgaande Hoofdstukken
ontwikkelde techniek bij zes gezonde vrijwilligers. De klinische bruikbaarheid is
aangetoond bij twee patienten met een gezwel in de oogkas door de plaats van dit
gezwel te bepalen, en ook bij twee patiénten na eerdere verwijdering van het oog,
waarbij is aangetoond dat de oogzenuw weer vastgroeit na verwijdering van het
oog. Dit laatste is bevestigd middels microscopie en pathologisch-anatomisch
onderzoek. Hoofdstuk 7 toont voor het eerst aan dat de pijn na verwijdering van
een oogbol bij patienten met een acryl-bal implantaat veroorzaakt wordt door
miscroscopisch kleine zenuwgezwellen. Deze ontdekking is mogelijk gemaakt
door de beweging bij deze pati€énten te meten en te vergelijken met patienten
zonder pijn. Hoofdstuk 8 toont voor het eerst aan dat de spierglijders in staat zijn
ook zonder benige omhulling de spieren op hun plaats te houden. Daarnaast geven
de bevindingen aan dat het dubbelzien na oogkasverruiming voor de ziekte van
Graves veroorzaakt wordt door het oprekken van bepaalde oogspieren.
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