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The aim of this study is to �1� compare the delineation of the tumor volume for ocular melanoma
on high-resolution three-dimensional �3D� T2-weighted fast spin echo magnetic resonance imaging
�MRI� images with conventional techniques of A- and B-scan ultrasound, transcleral illumination,
and placement of tantalum markers around tumor base and �2� to evaluate whether the surgically
placed marker ring tumor delineation can be replaced by 3D MRI based tumor delineation. High-
resolution 3D T2-weighted fast spin echo �3D FSE� MRI scans were obtained for 60 consecutive
ocular melanoma patients using a 1.5 T MRI �GE Medical Systems, Milwaukee, WI�, in a standard
head coil. These patients were subsequently treated with proton beam therapy at the UC Davis
Cyclotron, Davis, CA. The tumor was delineated by placement of tantalum rings �radio-opaque
markers� around the tumor periphery as defined by pupillary transillumination during surgery. A
point light source, placed against the sclera, was also used to confirm ring agreement with indirect
ophthalmoscopy. When necessary, intraoperative ultrasound was also performed. The patients were
planned using EYEPLAN software and the tumor volumes were obtained. For analysis, the tumors
were divided into four categories based on tumor height and basal diameter. In order to assess the
impact of high-resolution 3D T2 FSE MRI, the tumor volumes were outlined on the MRI scans by
two independent observers and the tumor volumes calculated for each patient. Six �10%� of 60
patients had tumors, which were not visible on 3D MRI images. These six patients had tumors with
tumor heights �3 mm. A small intraobserver variation with a mean of �−0.22±4�% was seen in
tumor volumes delineated by 3D T2 FSE MR images. The ratio of tumor volumes measured on
MRI to EYEPLAN for the largest to the smallest tumor volumes varied between 0.993 and 1.02 for
54 patients. The tumor volumes measured directly on 3D T2 FSE MRI ranged from 4.03 to
0.075 cm3. with a mean of 0.87±0.84 cm3. The tumor shapes obtained from 3D T2 FSE MR
images were comparable to the tumor shapes obtained using EYEPLAN software. The demonstration
of intraocular tumor volumes with the high-resolution 3D fast spin echo T2 weighted MRI is
excellent and provides additional information on tumor shape. We found a high degree of accuracy
for tumor volumes with direct MRI volumetric measurements in uveal melanoma patients. In some
patients with extra large tumors, the tumor base and shape was modified, because of the additional
information obtained from 3D T2 FSE MR images. © 2005 American Association of Physicists in
Medicine. �DOI: 10.1118/1.2068927�

Key words: magnetic resonance imaging, uveal melanoma, proton therapy, tumor volume
delineation
I. INTRODUCTION

Charged particle beams composed of protons or helium ions
have a finite range in tissue, increased rate of energy loss
near the end of range �Bragg-peak�, sharp lateral penumbra,
and deliver uniform dose to the target volume with an insig-
nificant dose delivered to nearby structures. These properties
are uniquely suited to precisely localize the radiation for

treatment of orbital and eye tumors including many head and
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neck tumors.1 Many centers around the world have used pro-
tons for the treatment of uveal melanoma.2–12 For the best
clinical results, careful attention must be applied to tumor
localization, immobilization, treatment planning, and treat-
ment verification.13 Several authors14–17 have calculated and
measured the tumor volume in choroidal melanoma patients.
These studies indicate that tumor volume is the best prognos-
3355„11…/3355/8/$22.50 © 2005 Am. Assoc. Phys. Med.
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tic indicator for survival in choroidal melanoma patients fol-
lowed by tumor basal diameter and tumor height.

Conventionally, the approach employed by ophthalmolo-
gists for diagnosis of uveal melanoma includes physical ex-
amination of the patients, laboratory tests, fluorescein an-
giography, A- and B-scan ultrasound, indirect
ophthalmoscopy, slit lamp evaluation, and fundus photogra-
phy. Transillumination and indirect ophthalmoscopy are used
for tumor localization intraoperatively. Tantalum rings
�radio-opaque markers 2.5 mm in diameter and 0.2 mm in
thickness� are sutured surgically at four or five points on the
sclera to outline the base of the tumor as shown in Fig. 1.

Indirect ophthalmoscopy with a transcleral point light
source incorporated into an integrated fiber optic probe is
used as an indentator on the outer sclera at our institution to
confirm clip placement relative to tumor margins. This
method to confirm accuracy of clip placement works very
well and provides additional data for treatment planning. A
limitation to this technique is that, the presence of hemor-
rhage, or severe cataract in some patients may limit visual-
ization of the retina by indirect ophthalmoscopy and could
result in a less accurate delineation of tumor margins in some
of the patients. Also, ciliary body tumors and tumors in the
anterior segment of the eye are difficult to confirm by these
techniques. For these tumors, intraoperative high frequency
ultrasound is used to confirm tumor margins relative to
marker clip placement.18,19

Magnetic resonance imaging �MRI� of pigmented uveal
melanoma results in a characteristic signal resulting from the
paramagnetic properties of melanin.20,21 Some
investigators20,21 have suggested that MRI may be helpful in
the diagnosis of difficult melanoma cases. MRI may be su-
perior to traditional A- and B-scan ultrasound in visualizing
tumor invasion of surrounding soft tissue. In addition MRI
provides tumor images in the sagittal and coronal planes,
allowing better three-dimensional representation of the tu-
mor volumes. A disadvantage of traditional MRI of the orbit
lies in its inferior spatial accuracy. Also, because of the pres-
ence of large amounts of fat within the orbit, the small size
of the ocular tumors, poor contrast, and eye movement, arti-

facts can become problematic. Recently, high-resolution
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three-dimensional �3D� fast spin echo T2-weighted MR im-
aging has become available which offers superior resolution
of intraocular and orbital structures as compared to conven-
tional MRI.

The aim of the present study is to �1� evaluate the useful-
ness of 3D T2 fast spin echo �FSE� MRI images in delineat-
ing the tumor volume and compare that to conventional tech-
niques and �2� to evaluate whether the surgically placed
marker ring tumor delineation can be replaced by 3D MRI
based tumor delineation. In this study we describe 60 cases
of choroidal melanoma in which tumor was delineated by
conventional methods and patients were treated with proton
beam therapy at Crocker Nuclear Laboratory, University of
California, Davis.6 The tumor volumes were further delin-
eated on 3D T2 weighted FSE MRI images. To evaluate the
usefulness of 3D T2 FSE MRI, the tumor volumes, size, and
shape of tumors obtained from 3D T2 FSE MRI delineation
were compared with conventional proton planning tech-
niques. The shape of the tumors were further compared to
the images obtained from fundus photographs and from
EYEPLAN software.

II. MATERIAL AND METHODS

A. Patient population

This study consisted of 60 patients including 30 male and
30 female, ranging in age from 18 to 87 years with a mean of
59±17 years. Twenty six �43%� had tumor in the anterior
location and thirty four �57%� patients had posteriorly lo-
cated tumor. In all the patients’ tantalum rings were sutured
to the sclera surgically by one of the authors �J.O.B.� to
delineate the tumor margins. All patients were evaluated at
the University of California San Francisco Ocular Oncology
unit. The patients were planned using EYEPLAN software and
were subsequently treated with proton beam radiation. Tu-
mors were divided into four categories based on size: small
�tumor thickness�3 mm and basal diameter�10 mm�; me-
dium �tumor thickness between 3 and 5 mm and
basal diameter�15 mm�; large �tumor thickness between 5

FIG. 1. �a� Indirect ophthalmoscopy
and point source transillumination to
delineate the tumor margins. �b� Tan-
talum rings 2.5 mm in diameter and
0.2 mm thick are sutured to the sclera
to allow tumor localization during pro-
ton beam irradiation.
and 10 mm and basal diameter�20 mm� and extra-large
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�tumor thickness�10 mm or basal diameter�20 mm�. The
characteristics of the patients are provided in Table I.

B. Treatment planning

A computerized treatment-planning program “EYEPLAN”
was used for all the patients treated with proton beam irra-
diation. This planning software was first developed by Goi-
tein and Miller23 and later modified at Clatterbridge, UK24

and has been described in a previous publication.25 The plan-
ning software uses information from the spatial coordinates
of the tantalum marker rings relative to the axis of the eye,
obtained from orthogonal x rays at the time of simulation.
Axial diameter and tumor height measured by ultrasonogra-
phy prior to treatment are also input to the planning program.
The shape of the tumor is drawn manually on the computer
screen using information from fundus drawings, fundus pho-
tography, ultrasound, fluorescein angiography, and the rela-
tion of tantalum rings to tumor margins described at the time
of surgery by a map generated by the treating ophthalmolo-
gist. The aim of the treatment planning process is to select
the optimal gaze angle, to design the shape of the field-
defined aperture, and to determine the depth penetration of
the beam and the width of the spread-out-Bragg peak neces-
sary to encompass the target volume, and to determine the
dose that each critical ocular structure will receive.

The tumor volumes26 were calculated from the informa-
tion of tumor length �l�, width �w�, tumor height �ht� and the
radius of the eye �R�. The eye diameter and tumor height

TABLE I. Characteristics of patients examined with 3
2005.

Mean

Patients �n� 60
Age �years� 59±17

Gender
Female 30
Male 30
Site

Right eye 30
Left eye 30

Tumor height �mm� 6±3.4
Basal diameter �mm� 13.4±4.6

Volume �mm3� 808±839
Distance tumor-optic disc �mm� 4.7±6.4

Distance tumor-macula �mm� 4.5±6.2
Tumor size

Small 7
Medium 22

Large 22
X-large 9

Tumor location
Anterior 26
Posterior 34
were obtained from ultrasound measurements. Tumor length
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and width were obtained from treatment planning. The tumor
volume is assumed to consist of a paraboloid atop a circular
base as shown in Fig. 2. Since the tumor grows inwardly, the
total tumor volume �VT� can be approximated by the addition
of parabolic portion �Vp� plus spherical portion �Vs� �sitting
above the circular base�.

VT = Vp + Vs, �1�

where

FSE MRI imaging between March 2003 and March

edian Minimum Maximum

Percentiles

25% 75%

60 18 87 47 69.5

4.9 1.5 15.8 3.4 8.3
13.5 2 24 10.6 16.8
480 78 4015 232 1070
1 0 21.4 0 7.0

1.6 0 21.1 0 7.2
D T2

M

FIG. 2. Calculation of tumor volume based on spherical model.
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Vp =
�

2
rb

2hp �2�

and

Vs = �/3hs
2�3R − hs� . �3�

R is the radius of the eye, rb=�lw /� radius of the circular
base, hs=R−�R2−rb

2 height of spherical cap, and hp=ht−hs

height of paraboloid.

C. Image acquisition and processing:

We used 3D T2-weighted fast spin echo MRI imaging
�3D T2 FSE MRI� techniques to evaluate tumor delineation
and its impact on treatment planning of ocular melanoma
patients. This software produces contiguous thin sections for
high quality multiplanar reconstruction. The technique, as
described by Simon et al.,22 employs a zero-filled slice inter-
polation method during postprocessing to further improve
spatial resolution. Figure 3 provides a schematic of the 3D
fast spin echo image reconstruction. The zero-filling recon-
struction occurs before the inverse digital Fourier transfor-
mation, which separates the volume signal into individual
slices. The interpolation between the slices is caused by the
zero filling, such that the resulting image locations overlap
each other. 3D T2-weighted FSE MRI imaging was obtained
on all patients on a 1.5 T clinical system �General Electric,
Milwaukee, WI� using a standard head coil. The system in-
cludes DICOM data communications. The following param-
eters were used to obtain images: 3000/102 �repetition time
ms/echo time ms�; field of view: 18 cm, matrix: 256�256,
one excitation; fat suppression was used. The 3D MRI slices
with 1.2–1.6 mm slice thickness, and 0.4 mm skip were ac-
quired. This resulted in an in-plane resolution of 0.703 mm
in the frequency-encoding direction and 0.938 mm in the
phase-encoding direction. The coverage was typically 80

FIG. 3. Shows the schematics of the reconstruction of 3D T2 fast spin echo
imaging. The zero filling reconstruction occurs before the inverse digital
Fourier transform, which separates the volume signal into individual slices.
The interpolation between the slices is caused by the zero filling such that
the resulting image locations overlap each other. This figure was generated
by reading individual MRI slices into image processing software tool of
MATLAB �Ref. 28� and creating the 3D image.
slices, which on the average took 10 min. The radiation on-
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cologist, ocular oncologist, and neuroradiologist used 3D T2-
weighted FSE MR images to define the tumor volumes. The
data was transferred to a Power Mac G4 computer. The gross
tumor volume was contoured on axial slices of 3D FSE MR
images by two independent observers, a radiation oncologist
and an ocular oncologist with help from neuroradiologist,
which took on average 20 min on each patient. IMAGE J

software27 was used to contour and display images. IMAGE J

is public-domain image processing software and can run on
any platform with a Java Virtual Machine �Macintosh, Win-
dows, and Unix�, available from NIH, Bethesda, Maryland.
This software has open architecture that allows addition of
Java plug-ins. MATLAB

28 image processing tool kit was used
to read the tumor contours and construct the tumor surface in
three dimensions for comparison with EYEPLAN.

D. Volume definition

The target volume is generally defined by stacking 2D
contours �i.e., region-of-interest �ROI’s� with a thickness
equal to the slice�. The target volume can be calculated using
the following equation:

V = �
s=1

N

�As � Ts� , �4�

where N is the number of slices taken into account, Ts is the
slice thickness, and As is the surface area of the ROI that
defines the target volume on the slice S.

III. RESULTS

3D T2 FSE MRI was successfully performed on all 60
patients. MR imaging was unable to detect the tumor in 6
�10%� patients. For these patients, the tumor height was
�3 mm when measured with ultrasound. Small melanomas
were found in 7 �11.7%� patients; medium size melanomas in
36.7%; large melanomas in 36.7%, and extra-large tumors in
15% of patients. Dome-shaped tumors were found in 8
�13%� patients, tumors in the peripapillary location were
found in 11 �18%� patients, and ciliary body melanoma in 12
�20%� patients. Flat or diffuse tumors were found in 4 �7%�
patients and oval shape tumor in 2 �3%� patients. In 34
�57%� patients, the main portion of the tumor was located in
the posterior pole of the eye, whereas in 26 �43%� patients, it
was found in the anterior segment of the eye.

Interobserver reliability for delineating the tumor volumes
was excellent. Figure 4 shows the frequency distribution of
tumor volumes estimated by two observers and derived from
EYEPLAN. The distribution is divided into two parts �a� for
small and medium sized tumors and �b� for large and extra
large tumors. As demonstrated in �Fig. 4�, tumor volumes
obtained by the two methods are very close. Since the dif-
ference in tumor volume estimates between observer 1 and
observer 2 are small, we obtained the average tumor volume
from observer 1 and 2. There was no significant difference in
tumor volumes with different tumor shapes. The tumor vol-
ume difference varied between 6.3% and 1.1% for small size

tumors, where EYEPLAN overestimated the tumor volume by
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6% for two patients as compared to tumor volumes estimated
by 3D T2 MRI images. It varied from −4.1% to 5% for
medium size, from −5.7% to 6.2% for large tumors, and
from −2.4% to 5.8% for extra-large tumors. The difference
of 6% between tumor volumes obtained by conventional
methods and tumor volumes obtained from 3D T2 FSE MR
images represents either an overestimate of tumor by con-
ventional approaches or an error in 3D T2 FSE images de-
fining the tumor contours. The ratio of tumor volumes as
obtained from 3D MRI to EYEPLAN for the largest to the
smallest tumor volumes varied between 0.993 and 1.02 for
54 patients. Table II summarizes the interobserver variability
for delineation of tumor volume on 3D T2 FSE MRI scans as
expressed using coefficients of variance �COV� defined be-
low.

COV = �standard deviation of all measurements

per observer/arithmetic mean� � 100.

No statistically significant difference greater than zero was
present in interobserver variability between observers as
compared to EYEPLAN � paired t test�.

Figure 5 provides several different approaches to imaging
a patient with a uveal melanoma of the choroid involving the

FIG. 4. The tumor volume identified by two observers �physicians� in comp
medium size tumors and �b� large and extra-large tumors. The differences a

TABLE II. Intraobserver coefficient of variance calcula
statistically significant between both methods of esti

Planner Observations

Tum

Mean

Observer 1 54 0.874
Observer 2 54 0.869

EYEPLAN 54 0.879
Medical Physics, Vol. 32, No. 11, November 2005
pars plana at 9:00. Figures 5�a� and 5�b� provide traditional
A- and B-scan ultrasound images of this tumor. On A scan,
there is a typical pattern for uveal melanoma, which exhibits
spontaneous pulsations, low to moderate reflectivity, and a
relatively sharp posterior spike. Figure 5�b� is a B-scan im-
age of this dome shaped tumor arising from the choroid with
associated subretinal fluid. Figure 5�c� is a transverse slice of
3D T2 FSE MR image, which clearly defines the tumor and
its shape. This shape of the choroidal mass on 3D FSE image
is similar to the shape of the tumor defined by fundus pho-
tography �Fig. 5�d��. The tumor drawn in the treatment plan-
ning program �Fig. 5�e�� matches with the shape from MRI
images and fundus photography. It also matched in lateral
view from EYEPLAN software to sagittal view from MRI �not
shown here�. The tumor contours drawn on 3D MRI slices
are stacked, representing the 3D surface of the tumor �Fig.
5�f��. Figure 5 suggests that 3D T2 FSE MRI imaging pro-
vides complimentary information to confirm the tumors basal
dimensions and its unique configuration in space. This has
shown that 3D MRI tumor delineation is as good as marker
base tumor delineation. The impact of 3D T2 FSE MRI im-
aging was to modify the tumor base in two patients with
extra large tumors. Due to the large tumor thickness more

n to the tumor volume obtained from EYEPLAN software. �a� For small and
tumor volumes in comparison to EYEPLAN tumor volume were minimum.

or each observer and for EYEPLAN. The results are not
n.

lume �cm3�

COV �%� p valueRatio

0.995±.04 96.7 0.14
0.994±.03 96.7 0.02

1.00 97.3
ariso
mong
ted f
matio

or vo

SD

0.844
0.840
0.855
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than 10 mm, the tumor was overhanging the optic nerve. It
was very difficult to see the base of the tumor with transil-
lumination. 3D T2 FSE MRI images clearly showed the tu-
mor margin from the optic nerve. In one patient, the tumor
thickness was overestimated by ultrasound measurement.
The measurement of tumor thickness was about 3 mm less as
obtained from 3D T2 FSE MRI images, which made a dif-
ference in treatment planning.

IV. DISCUSSION

The diagnosis, treatment planning and evaluation of a par-
ticular therapy is often supported by various imaging modali-
ties. For example, magnetic resonance imaging, computer

tomography, and ultrasound imaging depict the aspects of
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anatomy, which compliment the treatment planning process.
In many instances it is desirable to integrate the information
from different imaging modalities for the same patient as is
often done in conventional radiation therapy. Several
studies20,29,30 have described different features of magnetic
resonance imaging of orbital tumors. MRI imaging differen-
tiates pigmented uveal melanoma from other simulating le-
sions. However, MRI has a disadvantage which lies in its
partial volume effect that occurs at the intersection of several
structures within one or the same pixel. The error due to the
partial volume effect is dependent on the pixel size and the
slice thickness. Thus, increasing resolution and reducing the
slice thickness is going to reduce the partial volume effect.

FIG. 5. Illustrates an example of uveal
melanoma of the choroid. �a� The
A-scan ultra sonogram showing a typi-
cal pattern of a uveal melanoma,
which exhibits spontaneous pulsations,
low to moderate reflectivity, and a
relatively sharp posterior spike. �b�
The B scan, demonstrates a tumor �ar-
row� showing marked growth of the
lesion to 8.3 mm in anterior-to-
posterior height. �c� Axial 3D T2-
weighted FSE MRI slices showing the
dome shaped tumor in the left eye. �d�
Shows the fundus view of the same
lesion. �e� Illustrates the treatment
plan in the beam’s eye view of the le-
sion using polar and azumith angle of
�25°,0°�. Various structures in the
model are labeled. The contour around
the tumor represents the 50% isodose
line. �f� The tumor surface generated
by stacking the tumor contours on se-
quential MRI slices using MATLAB im-
age processing system.
For several patients, we delineated the tumor on 3D T2 FSE
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MRI scans as well as on conventional axial MRI scans with
slice thickness of 3 mm and interslice space of 3 mm. It was
observed that the volume of tumor was overestimated on
conventional MRI scans as compared to 3D T2 FSE MRI as
is noted from Fig. 6. Caudrelier et al.31 calculated the target
volumes on MRI scans by classical and fuzzy logic methods.
They observed that the volumes calculated by classical meth-
ods increase quasiexponentially as the MRI slice thickness
increases. McCaffery et al.32 clinically evaluated three-
dimensional fast spin echo T2-weighted imaging techniques
for orbital tumors. They concluded that this newer approach
to MRI imaging improved diagnostic accuracy of orbital and
intraocular malignancies. No study to date has evaluated the
utility of 3D FSE T2-weighted MRI imaging to improve
treatment planning for an intraocular malignancy, uveal
melanoma.

Our observations in these 60 cases suggest that 3D T2-
weighted fast spin echo MRI is useful not only for the diag-
nosis of choroidal melanoma but also for treatment planning.
3D T2 FSE MRI detected 54 uveal melanomas out of 60
patients evaluated. The size of the undetected tumors was
small to medium with tumor height �3 mm. Promising re-
sults were obtained with respect to the delineation of tumor
volume. Findings were similar for observers 1 and 2, a dif-
ference of −9 to 13 % in volume estimation was obtained
between observers 1 and 2 with a mean of −0.22±4 %. The
volumetric data estimation shows sufficient agreement be-
tween EYEPLAN and 3D T2 FSE MRI imaging. A difference
of ±6% was observed between the two methods. There is
also an element of human error in manually drawing the
tumor volumes on MRI slices and in manually drawing the
tumor volume on the computer screen using EYEPLAN treat-
ment planning software. The fact that tumor shapes obtained
from the 3D T2 FSE MRI imaging were comparable to the
shapes obtained from fundus photography and from treat-

FIG. 6. Tumor volume measured for different patients using EYEPLAN, 3D
MRI, and 2D MRI techniques.
ment planning provides additional confidence in irradiating

Medical Physics, Vol. 32, No. 11, November 2005
these patients. MRI imaging was particularly helpful in de-
lineating tumor margin in patients where tumor was sur-
rounded by hemorrhage or dark reactive pigmentation. It was
helpful in modifying the tumor base with extra large tumors.
In one patient the tumor thickness was overestimated by ul-
trasound as compared to 3D T2 FSE MRI images. It is our
impression that tumor volumes measured on 3D MRI images
are repeatable, reliable, and can be generated easily, having
great potential for use in the diagnosis and treatment of ma-
lignant intraocular tumors. One possible use of 3D T2 FSE
MRI may be in delineating and treating many choroidal
melanomas and choroidal metastases without implanting tan-
talum markers. Recently, we treated two patients with chor-
oidal metastases with radiosurgical methods using
“CyberKnife” �Accuray Inc., Sunnyvale, CA� without im-
planting tantalum markers33 using noninvasive methods for
eye fixation. However, the use of 3D T2 FSE MRI imaging
for delineation of tumor and eventually doing the treatment
without the tantalum rings should be further investigated. We
are planning on doing this first with patients who have cho-
roidal metastases in a Committee of Human Research �CHR�
approved phase II study. Eventual use in choroidal mela-
noma using protons as well as radiosurgical techniques will
depend on noninvasive eye fixation and monitoring. A pre-
liminary study of three radiosurgical techniques suggests that
coverage and normal tissue sparing could be comparable to
proton beam therapy.34 Thus this 3D MRI method of tumor
delineation should lead to exciting future research.

V. CONCLUSION

This is the first study to evaluate 3D T2-weighted fast
spin echo MR images for delineation of tumor �uveal mela-
noma� volumes and to compare these tumor volumes to vol-
umes obtained from the treatment planning program
“EYEPLAN.” The comparison of tumor volumes and tumor
shapes show promising and interesting results. 3D FSE MRI
imaging will become a valuable tool to compliment more
traditional approaches to the treatment planning of uveal
melanoma patients for proton beam therapy and may allow
the elimination of invasive marker placement in most pa-
tients.
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