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Purpose: Primary malignant melanoma of the choroid and ciliary body has traditionally been treated without
histologic staging, using purely clinical indicators. The presence of extravascular matrix patterns (EMP) in histologic
sections of uveal melanoma has been shown to be an independent indicator of metastatic risk. These patterns are of
a dimension and physical composition that are likely to be detected with ultrasound backscatter analysis. Our aim was
to determine whether ultrasound parameter imaging could detect the presence of EMP at a diagnostically significant
level for treatment staging and for planning investigational studies of therapeutic modalities.

Design Prospective, masked ultrasound—pathologic correlative study.

Participants: One hundred seventeen patients diagnosed with previously untreated choroidal melanoma
were scanned within 2 weeks before enucleation.

Methods: Tumors were evaluated histologically and divided into high-risk and low-risk groups on the basis
of the presence of 2% or more histologic cross-sectional area composed of EMP patterns. Digital ultrasound
data were processed to generate parameter images representing the size and concentration of ultrasound
scatterers. Histologic and ultrasound images and data were correlated, and linear and nonlinear statistical
methods were used to create multivariate models for noninvasive differentiation of high-risk and low-risk tumors.

Main Outcome Measures: Presence or absence of high-risk EMP and associated ultrasound parameter
classification models.

Results: Of the 117 tumors, 69 were classified as low risk, and 48 were classified as high-risk with histologic
analysis. A classification that used ultrasound parameter image features with linear discriminant analysis could
correctly identify 79.5% of cases retrospectively and 75.2% of cases by use of cross-validation, an estimate of
prospective classification ability. By use of a more powerful classification technique (support vector machine),
93.1% of cases were correctly classified retrospectively. With a cross-validation procedure, 80.10% of cases
were correctly classified.

Conclusions: Ultrasound can be used noninvasively to classify tumors into high-risk and low-risk groups by
detecting the presence of EMP patterns. By the use of previous studies that compared the histologic presence
of EMP patterns with patient survival, estimates of hazard rates associated with ultrasound risk groups can be
made. The noninvasive ultrasound classification is potentially useful as a prognostic variable and as a tool for
stratification of patient populations for tumor treatment evaluation. Ophthalmology 2004;111:558-564 © 2004
by the American Academy of Ophthalmology.

Primary uveal melanoma is a rare neoplasm. Its incidence
rate is very low at approximately 6 new cases per million
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per year.® It is also an uncharacteristic ocular condition
because of its life-threatening potential. Most cases of uveal
melanoma continue to be diagnosed and treated based
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purely on clinical information using size, appearance, and
location, in contrast to most other cancers that are staged
histologically before treatment. Prognostic information for
uveal melanomais available by use of histologic, cytologic,
and cytogenetic features of tumor material obtained through
fine-needle aspiration biopsy, but the issue of safely obtain-
ing a representative sample of this material for analysis
remains in question.** Various types of noninvasive imag-
ing aso have been used for the differentia diagnosis of
ocular tumors, as well as to obtain prognostic informa-
tion.>8 To provide rational therapy for uveal melanomathat
balances the risk of loss of sight with the possible loss of
life, prognostic information beyond clinical staging needsto
be incorporated into therapeutic decision making.

In this study, we describe a noninvasive staging approach
for uveal melanoma on the basis of the correlation between
the presence of extravascular matrix patterns (EMP), a
prognostic histologic feature, and the ultrasound scattering
features of these tumors. Previous work in retrospective
survival studies showed that certain ultrasound scattering
characteristics of uveal melanoma are associated with in-
creased risk of death from metastasis.®'° In these studies,
the relationship between ultrasound scattering and survival
risk was made using a correlation between tumor cell type
(modified Callendar classification) and ultrasound parame-
ters. A relationship between ultrasound parameters and the
presence of EMP features was found in a preliminary study
of 40 patients who are included in this study.**

Folberg et al*? have demonstrated that specific histologic
patterns in uveal melanoma are associated with increased
risk of metastasis. This finding has been subsequently con-
firmed by other groups.***® The EMP patterns (cross-link-
ing parallel structures, arc, loops, and networks of loops) are
generated in vitro only by aggressive uveal melanomacells;
nonaggressive cells do not generate these patterns.'”®
Therefore, the presence of these patterns histologicaly is
associated with an aggressive tumor cell phenotype. Al-
though these patterns are not blood vessels,*® they connect
to vessels.*° Fluid is transported through these patterns
formed by aggressive uveal melanoma cells in vitro,*"*8 in
animal models of melanoma,?®2* inflammatory breast can-
cer,?? and in human uveal melanoma tissue.*® Recent work
by Mueller et al®has shown that dye perfusion through
EMP can be demonstrated in vivo and is associated with the
risk of continued growth in these tumors.

The relationship between the microstructure of tissue and
the appearance of tissue on ultrasonography iscomplex. The
patterns seen in ultrasonograms are caused by local fluctu-
ations in density and elasticity of the tissue. These differ-
ences in density and elasticity give rise to the ultrasound
scattering that is responsible for gray-scale texture of a B
scan or the A-scan amplitude spikes. The internal structure
of uveal malignant melanoma on B-scan ultrasound is typ-
ically seen as a relatively homogeneous gray-scale pattern
that is not specificaly diagnostic. Although A-scan pattern
analysis can alow for differentiation between primary mel-
anoma and metastatic tumors, as well as between some
spindle type and mixed and epithelioid type tumors, it
cannot be used to reliably subclassify melanoma.

We have extended the analysis of ultrasound data beyond

amplitude displays such as B scan and A scan by examining
the underlying frequency characteristics of the ultrasound
signal. Mathematical modeling of ultrasound-tissue inter-
action shows that the frequency content of an ultrasound
signal can be used to estimate the relative size and concen-
tration of ultrasound scatterers that are smaller than the
typical specular reflector such as the surface of the tu-
mor.24'25

This study uses images of the estimates of size and
concentration of ultrasound scattering elements to identify
high-risk and low-risk melanomas as defined by the per-
centage of EMP seen histologically. The cross-sectional
dimensions of EMP range from 14 to 116 um (median, 43
pwm) in width and 30 to 157 um (median, 70 wm) in
length.?® These dimensions are within the scattering range
sensed by our 10-MHz center frequency ultrasound sys-
tems. In addition to being in the correct size range, the EMP
is composed of dense structural proteins, such as laminin
and collagen, that efficiently scatter ultrasound.

Materials and Methods

This study adhered to the tenets of the Declaration of Helsinki and
was approved by the institutional review boards of the University
of lowa Hospitals and Clinics (Ul), the University of lllinois-
Chicago, and the Weill Medical College of Cornell University.

All patients in this study were diagnosed clinically as having
choroidal melanoma. Patients enrolled in this study either did not
qualify for or refused entry into the Collaborative Ocular Mela-
noma Study. None of the tumors in our study had been treated
previously with radiation or other modalities. All ultrasound scan-
ning was performed at Ul within a 2-week period before enucle-
ation. A Sonovision STT-100 (Sonocare, Saddle River, NJ),
equipped with a broadband 10-MHz mechanical sector scan probe
and a 50-MHz analog-to-digital converter, was used for ultrasound
data acquisition. Data from at least 5 scans that matched the
planned histologic section planes were recorded during each ex-
amination. Radiofrequency echo data collected at Ul were sent to
Weill Medical College of Cornell University for analysis. Histo-
logic analysis of eyes enucleated at Ul was performed at Univer-
sity of Illinois-Chicago.

Eyes were first fixed in 10% neutral buffered formalin for at
least 48 hours before sectioning and then opened in the presence of
the investigator who had performed the ultrasonography. A gross-
pathology protocol designed for precise clinicopathologic correla
tions of eyes removed for uveal melanoma?” was used to ensure
that section planes were taken from the areas of the tumor imaged
by ultrasound. Paraffin-embedded tissue was sectioned at 5 um
and stained with hematoxylin—eosin and periodic acid-Schiff stain
without hematoxylin counterstaining, using permanganate
bleaching®®if necessary. Photomicrographs of histologic sections
stained with the periodic acid-Schiff stain were then digitized.?®
Regions on the digitized histologic sections containing prognosti-
cally significant EM P patterns were color coded? to represent arcs
and arcs with branching (green), parallels with cross-linking (yel-
low), and loops and networks (red). Colorized information was
encoded in the form of a digital overlay, so that the origina
histologic section underlying the color coding remains accessible.
Tumor location was documented along with largest basal diameter.

Mehaffey et al*® suggested criteria for classification of uveal
melanoma into high-risk and low-risk groups on the basis of the
presence of at least 2% of the tumor’s cross-sectional area being
composed of high-risk EMP patterns (parallels with crosslinks,
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Figure 1. Representative low-power histologic sections of 2 high-risk
tumors (>2% of cross-sectional histologic area) with color overlay (A, C).
Areas in red denote the presence of closed loops and networks. Areas in
green denote arcs and arcs with branching. Areas in yellow denote parallel
with cross-linking extravascular matrix (EMP) features. Companion
acoustic concentration images (B, D), with darker colors representing
lower acoustic concentration are shown. There is good spatial congruence
between EMP features and areas of low scatterer concentration in A and
B, and less so in C and D. This underscores the statistical nature of the
classification procedure, which relies on a set of both global and local
properties of parameter images.

arcs, loops, and networks). We used the same criteriato divide our
database into 2 histologic risk groups.

Ultrasound parameter images were generated using power
spectrum analysis.®**32 |n these images, the pixel values were
recoded to represent either scatterer diameter or scatterer concen-
tration instead of the gray-scale value representing echo amplitude
in the conventional B-mode image. To obtain parameter images of
the tumors, B-mode images were digitally reconstructed from

560

40

304

Frequency

Std. Dev = 3.84
Mean= 116
N=117.00

LD in mm

Figure 2. A bar plot showing the distribution of maximal basal tumor
dimension as measured in histologic sections. The normal distribution for
this data set is given by the solid line. LD = largest dimension.

acquired radiofrequency data and the tumor outlined manually.
The tumor area was then automatically divided into 3 regions of
equal area, representing the anterior, posterior, and core of the
tumor. The outline was used to specify the scan-line segments to
be analyzed. We analyzed the tumor using a sliding-window fast
Fourier transform technique in which successive overlapping
0.5-mm X 0.5-mm analysis regions were analyzed across the
demarcated area of the tumor. The resultant normalized power
spectra were analyzed with a linear least-squares fit providing
values of spectral slope (dB/MHZz) and intercept (dB). The slopeis
ameasure of amplitude dependence of frequency, and the intercept
(interpolated amplitude at 0 MHz) is a measure of amplitude
independent of frequency. A mathematical model of acoustic back-
scatter by stochastic distributions of scatterers (Gaussian isotropic
autocorrelation function) was then used to estimate effective scat-
terer diameter and acoustic concentration. These methods have
been previously described in greater detail.>®°71132-34 Figure 1
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Figure 3. The receiver operator characteristic curve analysis for the linear
discriminant analysis and support vector machine in terms of retrospective
performance. The area under the curve, a measure of the performance of
a classifier, was 0.866 for the linear discriminant analysis and 0.983 for the
support vector machine.
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shows low-powered histologic sections, with color overlays denot-
ing regions with EMP aong with companion acoustic concentra-
tion images.

Statistical Analysis

Statistical analyses were performed with SPSS version 11 (SPSS,
Inc, Chicago, IL) and public domain software for Support Vector
Machine and receiver operator characteristic (ROC) convex hull
analysis. After testing for differences in the variance of acoustic
parameters between histologic risk groups, Student’s t tests (inde-
pendent samples, 2-tailed) were applied to identify statistically
significant differences in parameters between the 2 groups. When
variance values did not differ significantly (P>0.05), pooled vari-
ance values were used in the t tests; otherwise, the variances of the
individual groups were used. These parameters included the mean
values of scatterer size and acoustic concentration within the
tumors as a whole and each of the 3 subregions and the standard
deviations of these parameters (representing spatial variability).
We also compared the percentage of the tumor area composed of
parameterized pixels representing small scatterers (<64 wm) or
low-scatterer concentration (< —20 dB). In addition to parameters
derived directly from statistics of the scatter size and concentration
images, we also used discrete 2-dimensional wavelet transform
techniques to examine the parameter images statistical proper-
ties.®® This technique has been shown to be useful in examining
spatially localized and oriented differences in signal content in
diagnostic imaging.®®” For this study, we examined the variance
of orientation details at different resolution levels for statistically
conditioned acoustic concentration images.

Stepwise linear discriminant analysis (a standard linear classi-
fier) was performed to determine the separability of the high and
low EMP risk groups on the basis of ultrasound parameters. The
variable entry criterion was a P value of 0.05 or less. The a priori
values for group membership were set proportional to group size.
We also used a machine learning classifier, the support vector
machine. The rationale for this was 2-fold: the support vector
machine allows model complexity or overfitting to be controlled
along with error minimization, so that real world performance is
easily evaluated.®3° The support vector machine has excellent,
possibly optimal, empirical performance in a wide variety of
classification tasks.*°~*2 Receiver operator characteristic analysis,
the standard measure of the diagnostic ability of atest, was used to
compare the performance of the classifiers.*® In addition, to further
analyze the real-world performance of the classifiers, we used the
ROC convex hull method. This allowed us to examine the effect
that a difference in the number of high-risk versus low-risk pa-
tients (class distribution) might have on classifier performance. In
addition, this technique was used to examine several cost-minimi-
zation scenarios in which the relative “cost” of a false-positive or
false-negative result was varied for specific groups of patients and
treatment options.**4°

Results

The location characteristics for the study population are shown in
Table 1. More than 25% of the tumors in this study have some
ciliary body involvement. The size distribution in terms of basal
dimension is shown in Figure 2. The mean basal dimension of
11.62 mm for the study population is similar to that of patients
enrolled in the Collaborative Ocular Melanoma Study (11.4
mm).*® T test results comparing acoustic parameters between
histologic risk groups identified statistically significant univariate
differences between the histologic prognostic groups for acoustic
parameters determined either for the tumor as a whole or within

Table 1. Location of Uveal Melanomas

Number of
Location Patients Percentage
Choroid 86 73.5
Choroid and ciliary body 27 23.1
Ciliary body 4 3.4
Total 117 100.0

specific spatial regions. The most consistent finding is the signif-
icance of scatterer concentration—related variables. Variables as-
sociated with scatterer diameter were generaly of less signifi-
cance, but their levels in the anterior of the tumor (where
attenuation, a confounding factor for scatterer size estimates,
would least affect their values) did reach or approach significance.

Variables with univariate significance were used asinput to the
stepwise linear discriminant analysis. The stepwise analysis pro-
duced a model that included 6 acoustic parameters. (1) ultrasound
scatterer concentration in the posterior aspect of the tumor; (2) the
percentage of posterior low-concentration scatterers; (3) the per-
centage of anterior small to medium-sized scatterers; (4) core
region scatterer concentration standard deviation; (5) the variance
of the vertical orientation at detail level 2; and (6) the variance of
the vertical orientation at detail level 3. Three of the model
parameters are associated with scatterer concentration, 2 with the
vertical wavelet orientation, and 1 with the size of the scattering
elements.

The overall percentage of correctly classified cases for the
linear discriminant model (which represent a single point on the
ROC curve) was 79.5%, with 76.8% of histologic low-risk cases
correctly identified, and 83.3% of high-risk cases identified.
Leave-one-out cross-validation analysis (in which each case from
the database is successively treated as an unknown) resulted in a
decrease of 4.3% in the overall percentage of correctly identified
cases relative to retrospective analysis. The overall classification
results are given in Table 2.

We used the variables selected by the linear discriminant anal-
ysis to develop our support vector machine classification model.
Support vector machine software with parameter optimization
methods found both linear and nonlinear support vector machine
models with better performance than the linear discriminant mod-
els. We identified a nonlinear model support vector machine with
minimal complexity that had an overall percentage of correctly
classified cases (which represent a single point on the ROC curve)
of 93.15%, with 88.4% of histologic low-risk cases correctly
identified, and 97.9% of high-risk cases identified retrospectively.
The leave-one-out cross-validation analysis resulted in an esti-
mated prospective performance of 80.1%, a decrease of 13% in the
overal number of correctly classified cases relative to retrospec-
tiveanalysis. The overal classification resultsare given in Table 3.

In addition to providing improved overal retrospective and
estimated prospective performance, model performance in terms of
false-negative results in the high-risk group is reduced by 50%
with the support vector machine classification model.

Receiver operator characteristics plot area under the curve
defines expected accuracy of the classifier and can be defined for
the retrospective classifiers. The area under the ROC curves was
0.866 for the linear discriminant analysis and 0.983 for the support
vector machine classifier (Fig 3). Receiver operator characteristics
convex hull analysis confirmed that the support vector machine
classifier provided the most robust performance over a wide class
distribution and error cost range outperforming linear discriminant
analysis.
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Table 2. Classification Results for Linear Discriminant Analysis Model

Percent of Cases

Predicted Group Membership

Classification Correctly Classified Low Risk High Risk Total

Retrospective 79.5 Low risk 53 16 69
High risk 8 40 48
% Low risk 76.8 23.2 100.0
% High risk 16.7 83.3 100.0

Cross-validated 75.2 Low risk 50 19 69
High risk 10 38 48
% Low risk 72.5 215 100.0
% High risk 20.8 79.2 100.0

Discussion

Fear of losing vision, coupled with the ingtinctive fear of
loss of life, poses terrible dilemmas for patients with cho-
roidal or ciliary body melanomas and for their physicians.
Two polls conducted by the Gallup Organization asked the
following question to Americans: “What disease do you fear
most?’ Before public awareness of AIDS and Alzheimer’'s
disease, the most feared disease was cancer, and the second
most feared disease was blindness (The Gallup Organiza-
tion, Inc.; “Public knowledge and attitudes concerning
blindness.” A survey sponsored by Research to Prevent
Blindness, Inc., New York, October 1965, April 1976, un-
published data). If ophthalmic oncologists can preserve
vision without increasing the risk to the patient’s life, most
patients will opt for a treatment that does not require re-
moval of the eye. The preliminary results from the Collab-
orative Ocular Melanoma Study have indicated that radia-
tion and enucleation have essentialy the same risk of
death.*’

Patients are currently stratified into trestment groups on
the basis of tumor size and location.*® Although ophthal-
mologists have used intraocular fine-needle biopsies to dis-
criminate between melanomas and lesions that smulate
melanomas clinicaly with a high level of accuracy,’®~*°
uveal melanomas are composed of heterogeneous cell pop-
ulations. At least 2 studies indicate that intraocular needle
biopsies might not extract material that is representative of
the tumor.®** Unlike fine-needle aspiration biopsies per-
formed at other body sites in which the surgeon or pathol-
ogist makes multiple passes into the lesion from different
angles to ensure a representative sampling of the lesion,>?
the ophthalmic oncologist typically makes only 1 pass into

the lesion to avoid disruption of anatomic structures critical
for vision.*®>! There is no indication that fine-needle biopsy
would ever be able to reliably correlate with the presence of
EMP, because the entire tumor would need to be evaluated.

The use of confocal indocyanine green angiography to
identify the presence of EMP in tumors with a median basal
dimension of 7.00 mm has also been reported.?® The angio-
graphic technique seems useful in smaller size tumors lo-
cated posterior to the eguator. The typical medium size
tumor in our study, with choroidal involvement only, ex-
tends in part beyond the equator.

Ultrasound is a safe noninvasive procedure that can
assess ocular tumors regardless of location and media clar-
ity. In addition, it can be performed in multiple planes
throughout the tumor in a fashion similar to the patholo-
gist’s serial histologic sectioning. Interestingly, when prog-
nostically significant matrix-rich patterns are present in a
tumor, they tend to be distributed throughout the tumor
mass in different planes,>%increasing the likelihood of pat-
tern detection by a noninvasive imaging technique.

Previous studies have shown acoustic backscatter prop-
erties are correlated with survival in patients with uveal
malignant melanoma.®° Similarly, the presence of matrix-
rich patterns is an independent risk factor for metastatic
spread.’® This study shows that acoustic backscatter spec-
trum correlate with the presence of these histologic patterns
discriminating between lethal and less lethal tumors.

The spatial conformation and distribution of matrix-rich
patterns may be complex, and acoustic backscatter depends
on the orientation of scatterers in addition to their number
and size. Our current working hypothesis concerning the
3-dimensional configuration of these patterns is that the
EMP surrounds spheroidal nests of tumor cells (Maniotis

Table 3. Classification Results for Support Vector Machine Model

Percent of Cases

Predicted Group Membership

Classification Correctly Classified Low Risk High Risk Total
Retrospective 93.15 Low risk 61 8 69
High risk 1 47 48

% Low risk 88.4 11.6 100.0

% High risk 2.1 97.9 100.0
Cross-validated 80.1 Low risk 50 19 69
High risk 5 43 48

% Low risk 72.5 215 100.0

% High risk 10.5 89.5 100.0
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AJ, personal communication cited by Barinaga™). In this
case, the orientation of matrix and tumor cells would be
nearly isotropic, and current classifier should provide good
performance in individual tumors. However, if the appear-
ance of loops on 2-dimensional histologic sections reflects
matrix deposition around eliptical or cylindrical tumor cell
clusters, tumor backscatter might be more dependent on the
angle of the ultrasound beam relative to the scatterers. This
would also be the case with backscatter properties associ-
ated with matrix-rich cross-linking parallel patterns. If these
patterns are oriented perpendicular to the beam axis, back-
scatter will be increased, and if patterns are parallel, back-
scatter will be reduced. The importance of the extracellular
matrix and its orientation on backscatter in myocardial
tissue was recently described.>® Therefore, a more complete
understanding of the 3-dimensional distribution of these
EMP patterns might provide avenues to enhance ultrasonic
detection and classification of ocular tumors even greater
than aready shown by our data

The ahility to obtain prognostic information regarding
uveal melanoma noninvasively and thus to stratify tumors
into risk groups can be of benefit both to patients and to
investigators conducting treatment studies. If patients enter-
ing a surviva study are divided into risk groups of known
low and high hazard rates, conclusions might be reached
with fewer subjects and in lesstime than if all patients were
treated as 1 group. For example, consider the design of a
prospective randomized evaluation of uvea melanoma
treatment. If published hazard rates are used,**">® and
study patients have the same class distribution seen in this
study, a medium to large prospective trial with equivalent
statistical power could be performed with a shorter accu-
mulation period, fewer numbers of subjects, and a shorter
total study duration than if al patients were considered to
have equivalent risk entering the study.

The ultrasound classification can provide the individual
patient and physician with arational basis for decisions on
therapy and for clinical monitoring for metastasis. Patients
treated with any current modality continue to die of meta-
static disease for years after treatment, indicating a systemic
aspect to the course of uveal melanoma. Thus, high-risk
patients could merit closer and or additional testing. In this
study, we show that the use of machine learning classifiers
such as the support vector machine can provide improved
performance in identifying high-risk tumors. Also, within
the framework of the ultrasound classification, different
weightings or “costs’ can be assigned to the false-positive
and false-negative errors. Thiswould allow both patient and
physician to have a clearer understanding of the relative risk
of various treatment options in terms of tumor risk category,
treatment modality, and patient preferences, leading to more
informed decision making.

In summary, this study demonstrated the ability of ultra-
sound backscatter analysis to detect noninvasively the pres-
ence of clinically significant prognostic features of uveal
melanoma related to EMP patterns at a diagnostically sig-
nificant rate. The ultrasound classification technique pre-
sented here can be used for patient stratification to different
treatment modalities and to determine the frequency and

type of clinical monitoring in light of assignment to high-
risk or low-risk groups.
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