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Modeling of the Human Orbit from MR Images
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Abstract. We previously described a parametric eyeball modeling system for
real-time simulation of eye surgery (MICCAI 01). However, in the simulation
of ophthalmologic surgery, the model of the eyeball alone is not sufficient. The
orbital structures are as important as the eyeball. In this paper, we describe the
approach to model the orbital structures from patient specific MRI data set and
integrate the orbital model with the parametric eyeball model. The orbital
tissues including the eyeball, muscles, and orbital fat are segmented from MRI
data. An interactive image-based geometrical modeling tool is developed to
generate a finite element model of the orbit. Preliminary results include
biomechanical models of three human subjects, one of which is a young patient
with a benign tumor in the right orbit. The biomedical model can provide
quantitative information that is important in diagnosis. It can also be used to
accurately analyze the result of intervention, which is an important component
of the simulator for training and treatment planning. Our analysis includes a
deformation study on an eyeball subjected to simulated tumor growth using the
finite element method.

1 Introduction

Eye surgery, which is a specialty of microsurgery, involves very delicate tissues. The
surgery is often performed relying on the magnified eye structure. Performing such a
procedure requires a thorough knowledge of the clinical diagnosis and a very careful
and accurate execution. Complications of ophthalmologic diseases, however, often
pose additional difficulties for surgeons when making critical decisions. Very
intensive training is required for ophthalmologic professionals in order to provide
high quality standard surgical services.

Current imaging techniques are able to generate 3D data of the patient. In imaging
the orbit, MRI provides considerable information of different soft tissues. The surgeons
must investigate these data, slice by slice, and try to identity the pathology. However,
without a patient specific model of the eye tissues, even the most experienced experts
face difficulty in planning interventions.

In order to help the ophthalmologist to examine the patient specific data, and to help
the student to get a better understanding of the related anatomy and surgery, we have
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developed a system to construct biomechanical model of the human orbit. Such model
contains the eyeball, the muscles responsible for eye movement, the optic nerve, and the
fat which fills the spaces in between. The model is aimed to help the ophthalmologist in
different ways:

Quantification. The patient-specific model is able to provide information on the
sizes, thickness, or volumes of different tissues. Such quantitative information is very
important to the ophthalmologists in certain pathological conditions such as thyroid eye
disease and in the cases of orbital trauma.

Diagnosis. The model can help the surgeons to better identify the abnormalities. If a
certain disease is suspected to be developing, such a process could be detected and
monitored through scanning and modeling of the patient data as a function of time. For
example, creating 3D views of tumors in the orbit can enable the surgeon to understand
the proximity and the exact relationship of the lesion to vital structures so that a more
accurate diagnosis could be achieved.

Analysis. Along with proper material properties, the patient-specific model could be
analyzed with FEM or other tools. The behavior of the eye tissues when interacted with
surgical instruments can be accurately simulated. A more realistic simulation of
intervention can be achieved.

Training. With the predefined models and result of the surgical procedure, the
model can play an important role in training. If a virtual reality system is set up properly
with some friendly graphic and haptic user interfaces, the trainee can obtain first hand
experience and the training cost and its duration can be decreased. Moreover, orbital
surgery is very highly specialized and training in such models can equip surgeons with
the necessary skills to do a safe and efficient surgery.

Pretreatment planning. Such a model can help the surgeon to work out a better
pretreatment plan. As in the case of brain, surgery in the orbit has very small margin for
error. Practice with a virtual model can certainly help to reduce the risk of
complications. Small incision surgery or stereotactic surgery in the orbit can be made
possible in the future (such techniques are not available for orbital surgery at the
moment) if a 3D image of the orbit and the pathological lesion is constructed.

At present time, several medical simulators have been reported [1–7]. For example,
Hanna et al described their simulation work of accurate keratotomy for astigmatism [2].
Sagar et al built an eye surgical simulator within a virtual reality environment [3]. In
this paper we discuss the patient specific modeling of the human orbit and how this
model can be used to expand our virtual reality eye surgical simulation system [1].

2 Patient Specific Orbital Modeling

Current MRI scanners are able to scan the patient data at a resolution of 0.5mm in
three dimensions. However, the acquiring of the higher resolution data needs a longer
time. If the scanning objects move or undergo deformation, distortion will be
introduced. Because our eye is moving almost all the time, the scanning process
should be finished as fast as possible. Therefore, the MRI data for the eye usually
comes with a moderate resolution of, for example, 1.0mm. This resolution is good
enough to work out the geometric model for the eyeball, muscles, nerves, and orbital
bones. However, to define an image-based model for the internal structure of the
eyeball, such a resolution is insufficient. In our approach, we construct an image-
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based model for the muscles, nerve, fat, and eyeball as a whole. For the structures
contained in the eyeball, we employ a parametric model. This allows us to build up a
patient specific model suitable for simulation and analysis. Figure 1 illustrates our
approach.
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Fig. 1. Orbital modeling for ophthalmologic simulation

2.1 Knowledge-Based Segmentation

Our approach employs a database of orbital models in extraction of the orbital tissues
from MR images. Currently, we have three MRI volumetric scans of human orbits
including both left and right eyes. The first set is an infant with a diseased right eye.
The remaining two sets are volunteer adults with no apparent pathologies in either
eye.  The voxel sizes are about 1.0x1.0x1.0mm for the adults and 0.625x0.625x
0.625mm for the infant. Since the MRI data set does not contain sufficient
information on the internal structures within the eyeball, in our segmentation work,
we have to treat the eyeball as a single object in segmentation.

This virtual orbital model includes the eyeball, muscles, and the outer boundary of
the orbital fat, which is similar to the shape of a cone. The critical feature points in the
patient data such as the anterior and posterior end of the eyeball and the tip of the
geometrical cone are used to develop a rough correspondence between the patient
data and the virtual model.  After that, the contour of the tissue from the virtual model
is displayed on top of each slice of the patient data slices in axial, sagittal and coronal
directions, respectively. The user will identify and confirm the exact position and
shape of such tissues. Because a predefined model is used in segmentation and
modeling, our method is knowledge-based.

To implement knowledge-based segmentation, a suitable software tool is
developed. Using this software, registration and segmentation can be performed
interactively. The user can adjust shapes of the virtual model to make it fit as much as
possible to the patient data.
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Adjustment of the shape tissue is implemented through interactive region growing.
If a region is identified as a particular structure and its boundary is not the same as the
one defined by the virtual model, the user can adjust boundary of the virtual model
manually. This can be done by changing the position of a control point and/or
generating a new one through interactive region growing. Figure 2 (a) and (b)
illustrates the contour of optic nerve before and after adjustment through region
growing.

(a)                                       (b)
Fig. 2. (a) initial postion of optic nerve from the model database (b) after editing

2.2 Modeling

The main structures from segmentation process consist of the eyeball (EB), optic
nerve (ON), superior rectus (SR), inferior rectus (IR), medial rectus (MR) and lateral
rectus (LR). In addition to these structures, the outer boundary of the soft orbital
tissues is also defined. We have considered these orbital tissues as orbital fat (OF).
There might also be tumor in addition to the orbital fat. All the structures are
segmented separately, and are regarded as independent objects. These objects are
combined to obtain a single human orbital model.

At this stage, the eyeball is modeled as a unique, homogenous 3D structure. The
reason is that the resolution of the patient specific MRI data is not high enough to
segment the isolated eyeball tissues for modeling and analysis. In our previous work,
we have modeled the eyeball parametrically[1].. Individual parts of the eyeball were
parametrically represented and the variation of the geometry was possible. Figure 3
illustrates the polygonal eyeball representation. Through adjusting the parameters, the
parametric eyeball is fitted with the segmented contours of the eyeball from the
patient. A full geometrical model of the eyeball can be constructed.

The parametric eyeball, together with the other component models, contributes to
our virtual orbital model. Figure 4 shows an example of the component models.

From these intermediate geometrical models, quantitative information such as
dimension and volume of the various components could be determined. If further
biomechanical analysis is required, the material properties are assigned to each
component model that represents the respective anatomical structure. The resultant
biomechanical model is used to update the orbital model database.
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Fig. 3. Parametric representation of eyeball model

Fig. 4. Component models of various anatomic structures

3 Finite Element Analysis

3.1 Biomechanical Properties

Studies have shown that 90% of corneal thickness is formed by the stroma. We
assumed that this controls the majority of the biomechanical behavior of the cornea,
which consists mainly of water (78%) and layered protein fibres (16%). For such
materials, the stress-strain relationship is nonlinear. We take the formula introduced
by Uchio et al. [8]. Compared with other soft tissues in the orbit, the orbital bone
could be defined as rigid. In our model, the functions of the orbital bones are
implemented through the application of appropriate boundary conditions. As listed in
Table 1, the physical properties of aqueous, vitreous, and fatty tissues are taken from
Power et al [9] and Todd et al[10].

Table 1. Material Properties of different orbit tissues

Structure Young’s Modulus
E (MPa)

Poisson ratio
ν

Density
ρ(kg/m3)

Cornea Nonlinear NA 1400
Sclera Nonlinear NA 1400
Lens Rigid NA 315
Ciliary’s body 20 0.40 1600
Aqueous 0.037 0.49 999
Vitreous 0.042 0.49 999
Muscles 20 0.40 1600
Fatty tissue 0.047 0.49 999
Orbital bone Rigid NA NA
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3.2 Governing Equation of Deformation of Biostructures

In our previous work [1], we considered small incremental deformation involved in
the interaction of point surgical device and the virtual eyeball model. It could
calculate the deformation of the tissue and the force feedback from the scalpel before
cutting happens. Linear analysis is performed.

In the current model, we use non-linear analysis to determine the deformation over
the outer surface of the eyeball subjected to an incremented contact force from a
growing tumor in the orbit. Because the stress-strain relationships of some of the
materials in the human tissues are nonlinear, which means that the stiffness is a
function of the deformation, the problem can be expressed as
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In the above equations, d is the displacement vector, K is the global stiffness
matrix and Q is the force vector applied to the orbit structure.

In order to solve these equations, K and d have to be built and solved step by step
repeatedly. In our system, we adopted a load increment algorithm, in which the load is
applied by several steps. If we define,
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the iterative displacement change can be obtained using,
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4 Results and Discussions

As previous work, Yu et al [11] has built a 3D orbital model from Visible Human
Female data set and Scheimpflug images. They segmented the orbital tissue manually
for the purpose of visualization and atlas construction. But it is not completed enough
for the purpose of surgical simulation. Existing ophthalmic simulators, such as [1-7],
define their ophthalmic models either geometrically and/or physically. These
simulators simulate retinal coagulation, cataract surgery, and vitrectomy. They are
mainly concentrated on the eyeball. There are, however, numerous procedures in the
orbital region [12]. To our best knowledge, there is no orbital simulator using patient-
specific data. Our work contributes towards building a suitable simulator for this
purpose. The biomedical model we re-constructed from the patient MRI data set
includes the geometrical structure and the definition of the physical properties of
tissues. The 3D geometrical model serves the simulation system in the aspect of
realistic visualization, which is one of the most critical components of the medical
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simulator. Quantitative information such as thickness and volume are also important
to the ophthalmologist in his/her diagnosis and treatment planning. In addition, the
physical-based model provides the displacement or deformation of the orbit tissues
under interventions. The force feedback calculated from the model can be applied to
the haptic devices to achieve realistic force feedback.

Table 2. Examples of orbital models and their volume in mm3

EB:11623
ON:  591
MR: 1032
OF: 8673

IR: 790
SR: 663
LR: 909

EB:10291
ON:  748
MR:  805
OF:10493

IR: 725
SR: 963
LR: 708

EB: 2980
ON:  142
MR:  230
OF: 3485

IR: 247
SR: 257
LR: 182

Table 2 is a snap shot of the orbital models and the volume of the different tissues
in the three orbital models. In this table, the volume of orbital fat includes the soft
tissues other than segmented and defined, such as the eyelid.

We have extended our analysis to the study of the deformation and stress
distribution on pathological eyeball using our orbital model. Compared with other
work based on the surface model, our 3D nonlinear model can yield better results
because more accurate physical models are employed.  Figure 5 shows the
deformation of a patient’s eyeball with a growing tumor at the orbit. Such results can
help the clinicians in evaluating the pressure inside the orbit and take proper measures
for diagnosis and treatment.

Essentially, the model represents the orbit structures in a static state when the eyes
are closed and relaxed. This is the zero-stress state when the deformation and force
feedback are calculated. However, the position of eyeball and the shape of muscles
are changing all the time. A more flexible model is under development.

At the current stage, our FEM analysis does not include cutting and remeshing
components.  However, such functionalities are essential to ophthalmic surgery
simulation. In addition, the current model is not completed yet. Many important
structures such as blood vessels, nerves, and different orbital bones are not included
yet. In the simulation point of view, quantitative validation has to be carried out on
the speed of the system,  accuracy of the model, etc.
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Fig. 5. Deformation of the eyeball under tumor pressure

5 Conclusions

We developed a method for the patient-specific modeling of the orbit. Such a method
makes use of the available anatomic model to extract and build the patient-specific
model. Confirmation of patient structure is done using interactive image processing,
mainly 3D region growing. Using the published material properties, an analyzable
FEM model is generated. A customized FEM algorithm is developed to analyze the
behavior of the patient specific model. We demonstrated that our model could be used
to study deformation in tumorous human orbit.

The orbital model can provide the ophthalmologist with: (1) quantitative
information that is important in diagnosis; (2) a better way to identify the
abnormalities; (3) a more accurate results in analyzing intervention and a more
realistic simulation; (4) cost efficient training; and (5) better pretreatment planning
through practicing with a virtual patient orbital model.

As future work, we are developing techniques to provide a really useful simulator.
In addition to the functions such as cutting and remeshing, we are also work on the
speeding up of analysis processes. Comparative evaluation between simulation results
and real cases is also under way in order to evaluate the efficacy of the simulation
system.
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