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CONTROLLING THICK-SLICE VIEWING OF
BREAST ULTRASOUND DATA

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Ser. No. 10/160,836, filed May 31, 2002, which is a con-
tinuation-in-part of International Application Ser. No. PCT/
US01/43237, filed Nov. 19, 2001. Ser. No. PCT/US01/
43237 claims the benefit of U.S. Provisional Ser. No.
60/252,946, filed Nov. 24, 2000. Ser. No. 10/160,836 also
claims the benefit of U.S. Provisional Ser. No. 60/326,715,
filed Oct. 3, 2001. This application also claims the benefit of
Provisional Application No. 60/415,385, filed Oct. 1, 2002.
Each of the above-mentioned applications is incorporated by
reference herein. The subject matter of the present applica-
tion is related to the subject matter of Ser. No. [Atty.
Dkt. No. 2692/63685-PCT-C] filed the same day as the
present application, which is incorporated by reference
herein.

FIELD

[0002] This patent specification relates to medical imaging
systems and processes. In particular, the present invention
relates to the acquisition and display of breast ultrasound
information in a manner that facilitates breast cancer screen-
ing.

BACKGROUND

[0003] Breast cancer is the most common cancer among
women other than skin cancer, and is the second leading
cause of cancer death in women after lung cancer. The
American Cancer Society currently estimates that there are
about 203,500 new invasive cases of breast cancer per year
among women in the United States and 39,600 deaths per
vear from the disease. Prevention and early diagnosis of
breast cancer are of foremost importance. Because early
breast cancer does not produce symptoms, the American
Cancer Society recommends a screening mammogram and a
clinical breast examination every year for women over the
age of 40.

[0004] X-ray mammography is currently the only imaging
method for mass screening of breast cancer. In health
maintenance organizations (HMOs) and other medical orga-
nizations, specialized x-ray mammography clinics designed
for high patient throughput are being increasingly used to
screen as many women as possible in a time and cost
efficient manner. Numerous studies have shown that early
detection saves lives and increases treatment options. Recent
declines in breast cancer mortality rates (e.g., 39,600 deaths
in 2002 versus 41,200 in 2000) have been attributed, in large
part, to the regular use of screening x-ray mammography.

[0005] Tt has been found that the use of ultrasound mam-
mography (sonomammography) in conjunction with con-
ventional x-ray mammography can drastically increase the
early breast cancer detection rate. Whereas x-ray mammo-
grams only detect a summation of the x-ray opacity of
individual slices over the entire breast, ultrasound can sepa-
rately detect the acoustic impedance of individual slices of
breast tissue, and therefore may allow detection of breast
lesions where x-ray mammography alone fails.
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[0006] However, as discussed in Ser. No. 10/160,836,
supra, despite strong evidence that use of independent
ultrasound examination would improve early breast cancer
detection and therefore save lives, substantial resistance
against such use currently exists in the medical industry,
including the radiologists themselves, and among policy-
makers. As used herein, the term “radiologist” generically
refers to a medical professional that analyzes medical
images and makes clinical determinations therefrom, it
being understood that such person might be titled differently,
or might have differing qualifications, depending on the
country or locality of their particular medical environment.
Several interrelated factors are often cited, including: (i) the
false negative (missing) rate of independent ultrasound
examination is unknown, (ii) the false positive rate of
independent ultrasound examination is known to be very
high, leading to an increase in unneeded patient callbacks
and biopsies, (iii) lack of image acquisition standardization,
leading to variability among different operators and radiolo-
gists, (iv) the additional time and equipment required to
conduct the ultrasound examination, leading to an increase
in cost, (v) most if not all radiologists are not trained to read
screening ultrasound images, which contain features not
found in current breast imaging textbooks or taught in
current medical school courses, leading to a potential
increase in false negative (missing) rate and in the additional
radiologist time required to analyze the ultrasound images,
and (vi) the additional training and clinical experience that
would be required for the radiologist to properly analyze the
ultrasound images.

[0007] Various schemes have been proposed for process-
ing and presenting breast ultrasound information in conjunc-
tion with x-ray mammogram information for use in breast
cancer detection environments. In U.S. Pat. No. 5,938,613,
which is incorporated by reference herein, a method and
apparatus for performing sonomammography and enhanced
x-ray imaging is discussed in which ultrasound equipment is
integrated with mammography equipment to generate ultra-
sonic images of the breast that are in geometric registration
with an X-ray mammogram. An X-ray mammogram image of
an immobilized breast is acquired and, while the breast is
still immobilized, an ultrasound scan is acquired using an
automated ultrasound probe translation mechanism. Cross-
sectional ultrasonic slices are summed across the entire
breast to form a two-dimensional ultrasound image, which is
then overlaid onto the digitized x-ray image for viewing by
the radiologist. Precise geometric registration between the
ultrasound image and the x-ray mammogram is automati-
cally provided because the breast is immobilized between
imaging procedures and because the coordinates of the
ultrasound probe are known during each scan. The radiolo-
gist is permitted to instantiate certain algorithms such as
digital subtraction between the registered medical images.

[0008] However, the 613 patent is deficient in several
respects with respect to the practical, real-world factors
associated with the current resistance against the use of
ultrasound in mass breast cancer screening environments.
For example, the large base of currently installed x-ray
imaging systems would require substantial retooling to
accommodate the mechanical apparatus of the "613 patent
that keeps the breast immobilized between imaging proce-
dures and that performs the automated ultrasound scans. As
another example, by displaying a summation ultrasound
image of all breast slices together, the *613 method deprives
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the radiologist of the ability to view individual planes inside
the breast. More generally, the computer-registered, static
overlay of the summation ultrasound image onto the x-ray
image affords only a limited amount of ultrasonic informa-
tion to the radiologist as compared to the actual amount of
ultrasonic data actually acquired, and affords only limited
perception by the radiologist of structures within the breast.

[0009] 1In U.S. Pat. No. 5,662,109, a method and system
for multi-dimensional imaging and analysis for early detec-
tion of diseased tissue is discussed. Ultrasound scans of a
breast are processed into multiple layers of two-dimensional
images, thus yielding a three-dimensional data set. This data
set and a two-dimensional x-ray mammogram are input to an
enhancer that performs one or more “data fusion” algorithms
to generate a three-dimensional representation of the breast
for viewing. The enhancer includes a registration module
that expands and/or reduces dimensions of the data to
register and align the ultrasound and mammographic
images.

[0010] However, it is not believed that the various three-
dimensional views of the “fused” data discussed in the *109
patent, such as the perspective view shown in FIG. 1
thereof, would be useful to a typical radiologist trained in
conventional x-ray mammography methods. As described
supra, radiologists typically spend many years developing
expertise in analyzing a very particular set of two-dimen-
sional x-ray mammographic data taken from standardized
views, most commonly the craniocaudal (CC) and mediolat-
eral oblique (MLO) views. It is believed that most radiolo-
gists would be reluctant to “start over again” with an entirely
new, different way of viewing the complex structures of a
breast, and that the medical industry would likewise be
reluctant to force radiologists to accept these viewing meth-
ods.

[0011] In view of the above discussions, it would be
desirable to provide an adjunctive ultrasound mammogra-
phy system that integrates ultrasound mammography into
current breast cancer screening methodologies.

[0012] Tt would be further desirable to provide an adjunc-
tive ultrasound mammography system that displays breast
ultrasound information in a manner that facilitates the radi-
ologist’s perception of internal breast structures that may not
be readily apparent in an x-ray mammogram, while also
being able to confirm the radiologist’s perception of internal
breast structures that are apparent in the x-ray mammogram.

[0013] Tt would be even further desirable to provide an
adjunctive ultrasound mammography system that displays
breast ultrasound information in a manner that supplements,
rather than replaces, conventional x-ray mammogram view-
ing methods, thereby increasing the likelihood of adoption
by both individual radiologists and the medical industry.

[0014] Tt would be even further desirable to provide an
adjunctive ultrasound mammography system that takes little
or no special familiarization or training from the radiologist
in order to effectively view breast ultrasound information.

SUMMARY

[0015] An adjunctive ultrasound mammography system
and associated methods are provided including an adjunctive
ultrasound display system configured to allow flexible,
intuitive, and interactive viewing of breast ultrasound infor-
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mation in a manner that complements X-ray mammogram
viewing. An ultrasound image of a breast is displayed near
an x-ray mammogram image of the breast, the adjunctive
ultrasound display system allowing for superposition of the
ultrasound image over the x-ray mammogram image, or
vice-versa, for facilitating rapid comprehension of breast
structures and detection of abnormalities therein. In one
preferred embodiment, the x-ray mammogram image cot-
responds to a standard x-ray mammogram view, and the
ultrasound image is a thick-slice image representing a thick-
slice or slab-like portion of the breast volume substantially
parallel to that standard x-ray mammogram view. In another
preferred embodiment, the user is permitted to perform
manual vernier adjustments of the registration of the ultra-
sound image with the x-ray mammogram image.

[0016] Advantageously, thick-slice ultrasound images cor-
responding to standard x-ray mammogram view planes are
of immediate and familiar significance to the radiologist,
both as stand-alone images and as components of bimodal
ultrasound/x-ray images. Moreover, it has been found that
the manual vernier registration adjustment process itself, in
which the radiologist shifts the relative positions of the
component images responsive to perceived registration dif-
ferences, can rapidly increase the radiologist’s perception
and appreciation of the breast structures being displayed by
both component images. Even though ultrasound images
tend to have substantially different textures and feature
emphases than x-ray images, the resulting bimodal image,
alone or in combination with the manual vernier registration
adjustment process, can often expose or clarify tissue struc-
tures that may be hidden or less apparent in the separate
x-ray mammogram and/or ultrasound images, and can often
obviate or explain certain noticed structures in the separate
x-ray mammogram and/or ultrasound images.

[0017] Preferably, an array of thick-slice images is dis-
played to the radiologist representing different thick-slice
portions of the breast, and the radiologist can manually
superimpose any one of them over the x-ray mammogram
image, or can manually superimpose the x-ray mammogram
image over any one of them. In one preferred embodiment,
both the x-ray mammogram image and the ultrasound image
are displayed on the same screen of a high-resolution
monitor, and a pixelwise digital mixing algorithm is used to
achieve image superposition. Preferably, a mixing algorithm
is selected that approximates the visual effect of (i) placing
a conventional x-ray mammogram film on a light box, and
(ii) superimposing a second transparency thereon containing
a printed version of the thick-slice ultrasound image. How-
ever, the incorporation of any of a variety of digital mixing
algorithms is within the scope of the preferred embodiments,
including those that permit dynamic adjustment of one or
more mixing parameters by the radiologist, and including
both pixelwise and neighborhood-based mixing algorithms.

[0018] In other preferred embodiments, the component
medical images are presented in any of a variety of physical
configurations that permit the user to overlay them to form
a bimodal image and to perform fine registration adjust-
ments. The component medical images may exist on x-ray
film, as lightbox backprojections, on high-brightness com-
puter monitors, on transparent or opaque hardcopies, on
subtractive liquid crystal displays, and/or on other types of
image displays, and in different combinations thereof, pro-
vided that image superposition is possible. Any of a variety
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of mechanisms may be used to physically move/overlay the
medical images and to provide manual vernier adjustment
capability, ranging from hand manipulation of hardcopy
images to computerized click-and-drag techniques.

[0019] In one preferred embodiment in which the ultra-
sound image is displayed in electronic format, user inputs
are provided for allowing dynamic adjustment of (i) the
thickness of the thick-slice image, i.e., the thickness of the
slab-like region of the breast that is integrated into a single
two-dimensional thick-slice image, and (ii) thick-slice
image elevation, i.e., the vertical elevation of the slab-like
region within the breast volume. In one preferred embodi-
ment, the positioning of the overlying image onto the
underlying image is an entirely manual process, the radi-
ologist manually performing both (i) preliminary or coarse
registration, i.e., moving the images from their initial posi-
tions onto each other, and (ii) vernier registration, i.e.,
perfecting the registration of the images. In an alternative
preferred embodiment, preliminary registration is provided
automatically by the display system using any of a variety of
known methods, such that the radiologist only needs to
perform the vernier registration step.

[0020] Preferably, in an adjunctive ultrasound system
using ultrasound overlays according to a preferred embodi-
ment, the ultrasound image information is provided to the
radiologist on a supplementary, as-needed basis, without
interfering with the radiologist’s primary task of analyzing
x-ray mammograms. This is believed to be advantageous
from a strategic medical-community acceptance viewpoint,
because entrenched radiologists will not be “forced” to use
the ultrasound information. Once called upon, however, it is
expected that the convenient, easy-to-use, intuitive ultra-
sound information viewing system according to the pre-
ferred embodiments will attract many radiologists to its use
in everyday mass breast cancer screening activities.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 illustrates a conceptual diagram of a system
and method for breast cancer screening using adjunctive
ultrasound mammography according to a preferred embodi-
ment;

[0022] FIG. 2 illustrates a conceptual diagram of a first
medical image of a breast;

[0023] FIG. 3 illustrates a conceptual diagram of a second
medical image of a breast;

[0024] FIG. 4 illustrates a conceptual diagram of a bimo-
dal medical image formed from the medical images of
FIGS. 2 and 3;

[0025] FIG. 5 illustrates an adjunct ultrasound display at
different intervals during an overlay of an ultrasound image
onto an X-ray mammogram image;

[0026] FIG. 6 illustrates steps corresponding to a method
for breast cancer screening using an X-ray mammogram with
adjunct ultrasound overlays according to a preferred
embodiment;

[0027] FIG. 7 illustrates a conceptual diagram of varying
thick-slice elevation and thick-slice thickness using a
dynamic control mechanism according to a preferred
embodiment;

Nov. 16, 2006

[0028] FIG. 8 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying an ultra-
sound thick-slice image;

[0029] FIG. 9 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying a remapped
version of the ultrasound thick-slice image of FIG. 8;

[0030] FIG. 10 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying a digital
x-ray mammogram adjacent to the ultrasound thick-slice
image of FIG. 9;

[0031] FIG. 11 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying the digital
x-ray mammogram of FIGS. 9-10 as it is moved toward the
ultrasound thick-slice image of FIGS. 9-10 for mixing
therewith;

[0032] FIG. 12 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying a bimodal
image of a digital x-ray mammogram superimposed upon an
ultrasound thick-slice image and in approximate registration
therewith;

[0033] FIG. 13 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying the bimodal
image of FIG. 12 as adjusted to allow its digital x-ray
mammogram component to predominate over the ultrasound
thick-slice image component; and

[0034] FIG. 14 illustrates an adjunct ultrasound display
according to a preferred embodiment displaying the bimodal
image of FIG. 12 as adjusted to allow its ultrasound
thick-slice image component to predominate over its digital
X-ray mammogram component.

DETAILED DESCRIPTION

[0035] FIG. 1 illustrates a conceptual diagram of a system
100 and associated methods for breast cancer screening
using adjunctive ultrasound mammography according to a
preferred embodiment. Many aspects of the system 100 are
also described in Ser. No. 10/160,836, supra. Adjunctive
ultrasound mammography refers to the acquisition and dis-
play of breast ultrasound information during the breast
cancer screening process in a manner that supplements x-ray
mammogram information. System 100 comprises an ultra-
sound scanning station 102, a computer network 104, an
adjunctive ultrasound server 106, and an adjunctive ultra-
sound screening station 108. Ultrasound scanning station
102 comprises an ultrasound scanning apparatus 110 for
facilitating breast ultrasound scans of the patient 112 by an
ultrasound technician 114. An ultrasound probe 116 is used
to scan a breast of the patient 112, with reflected acoustic
interrogation signals being processed by an ultrasound
machine 118.

[0036] Preferable to the ultrasound scanning station 102 of
FIG. 1 are ultrasound scanning unit described more fully in
Ser. Nos. 60/415,385 and [my ref: U037], supra.

[0037] The ultrasound scanning apparatus 110 supports
and maintains the breast during the ultrasound scanning
process. According to a preferred embodiment, the ultra-
sound scanning apparatus 110 also flattens the breast along
a plane parallel to a standard x-ray mammogram view plane
such that resulting ultrasound images correspond more
closely to standard x-ray mammogram images. In the
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example of FIG. 1, the standard x-ray mammogram view is
the craniocaudal (CC) view. While described herein with
respect to the CC view for simplicity and clarity of expla-
nation, it is to be appreciated that the preferred embodiments
are readily applied to the mediolateral oblique (MLO) view
or to standard or custom X-ray mammogram views.

[0038] Although not shown in FIG. 1, the patient 112 also
undergoes a standard x-ray mammography procedure in
addition to the ultrasound mammography procedure. The
x-ray mammogram is usually taken during the same office
visit as the ultrasonic mammography scans, although the
scope of the preferred embodiments is not so limited. The
ultrasound technician 114 may be the same person or a
different person as the x-ray technician who performs the
X-ray mammography procedure.

[0039] Ifthe ultrasound probe 116 is manipulated by hand,
as in the embodiment of FIG. 1, a position sensing system
(not shown) is used to track the probe position such that the
acquired ultrasound frames may be processed into a three-
dimensional volumetric representation of the breast. It is
generally preferable, however, that the ultrasound probe 116
be machine-manipulated and controlled so as to provide
reliable, consistent ultrasound scans. The ultrasound scans
should be of sufficient resolution and taken at small enough
intervals such that the three-dimensional volumetric repre-
sentation has sufficient resolution to enable computer-aided
diagnosis (CAD) algorithms to perform effectively, and such
that both individual ultrasound slices and thick-slice images
are of sufficient resolution to enable meaningful screening
assistance to the radiologist.

[0040] As will be described further infra, the raw ultra-
sound scans may be taken directly in the standard x-ray
mammogram view plane, or may alternatively be taken from
a different orientation. When the raw ultrasound scans are
taken directly in the standard x-ray mammogram view
plane, each individual ultrasound slice is computed directly
from an acquired two-dimensional ultrasound image or
ultrasound frame. When the raw ultrasound scans are taken
from a different orientation, each individual ultrasound slice
corresponds to a plane of voxels (volume elements) in a
three-dimensional volumetric representation of the breast,
the plane of voxels being oriented in a direction parallel to
the standard x-ray mammogram view plane. Most com-
monly, the three-dimensional volumetric representation of
the breast is computed from the raw ultrasound scans, and
then the individual ultrasound slice is extracted therefrom.
However, in other preferred embodiments such as those
described in Ser. No. 60/326,715, supra, it is not always
necessary to reconstruct the entire three-dimensional volu-
metric representation to compute the individual ultrasound
slices. Stated more generally, if the raw ultrasound scans are
taken in planes directly parallel to a plane of interest (CC,
MLO, or a different “custom” plane of importance), each
individual ultrasound slice is computed directly from an
acquired two-dimensional ultrasound image or ultrasound
frame, whereas if the raw ultrasound scans are taken from
directions different than the plane of interest, each individual
ultrasound slice corresponds to a plane of voxels in a
three-dimensional volumetric representation of the breast in
a direction parallel to the plane of interest.

[0041] Ultrasound machine 118 may generally comprise
any commercially available ultrasound machine having suf-
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ficient resolution, speed, and network connectivity to
achieve the functionalities described herein. During or after
the ultrasound scanning process, the raw ultrasound data is
provided across the computer network 104 to the adjunctive
ultrasound server 106, where the raw ultrasound data is
processed into adjunctive ultrasound data that will be made
available to the screening radiologist, the adjunctive ultra-
sound data including ultrasound slices, thick-slice images,
vibrational Doppler imaging (VDI) images, CAD outputs,
and other useful information. It is to be appreciated that the
processing of the raw ultrasound data into the adjunctive
ultrasound data may be performed by any of a variety of
different computing devices coupled to the computer net-
work 104 and then transferred to the adjunctive ultrasound
server 106.

[0042] Although many different variations are within the
scope of the preferred embodiments, in the example of FIG.
1 the adjunctive ultrasound screening station 108 comprises
four display monitors, each dedicated to a particular stan-
dard x-ray mammogram view for each breast. On a first
display monitor 120, a right CC x-ray mammogram image
122 is displayed, with a plurality of ultrasound thick-slice
thumbnail images 124 being distributed in an arc-like pat-
tern therearound as shown in FIG. 1. The thumbnail thick-
slice images 130 represent thick-slice portions of the left
breast volume oriented parallel to the CC view plane. A
second display monitor 126 displays a left CC x-ray view
128 and associated ultrasound thick-slice thumbnails 130, a
third display monitor 132 displays a right MLO x-ray view
134 and associated ultrasound thick-slice thumbnails 136,
and a fourth display monitor 138 displays a left MLO x-ray
view 140 and associated ultrasound thick-slice thumbnails
142. For simplicity and clarity of explanation, only the left
CC view monitor 126 is detailed herein, it being understood
that similar descriptions apply to the other standard x-ray
mammogram views.

[0043] Generally speaking, a thick-slice image is an inte-
gration of a plurality of substantially parallel individual
ultrasound slices used to represent a slab-like or thick-slice
volume of the breast. The thickness of the slab-like or
thick-slice volume may lie, for example, in the range of 2
mm to 20 mm, although the scope of the preferred embodi-
ments is not so limited. Techniques for integrating the
component ultrasound slices into thick-slice images accord-
ing to the preferred embodiments include arithmetic aver-
aging, geometric averaging, reciprocal averaging, exponen-
tial averaging, and other averaging methods, in each case
including both weighted and unweighted averaging tech-
niques. Other suitable integration methods may be based on
statistical properties of the population of component ultra-
sound slices at common locations, such as maximum value,
minimum value, mean, variance, or other statistical algo-
rithms. Generally speaking, the ultrasound thick-slice
images and thumbnails described herein are similar to those
described in Ser. No. 10/160,836, supra.

[0044] In the preferred embodiment of FIG. 1, at the
outset of the display process, the ultrasound thick-slice
thumbnails 130 are of sufficient number and thickness to
represent the entire breast volume. For example, if the
compressed breast volume has a total elevation of 6 cm,
there can be six individual thick-slice thumbnails each
corresponding to 1 cm slab-like regions within the breast.
The x-ray mammogram image 128 is preferably displayed at
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full-scale. If the display monitor 126 is sufficiently large, the
thick-slice thumbnails can be replaced with full-scale thick-
slice images if desired.

[0045] Adjunctive ultrasound screening station 108A fur-
ther comprises a control panel positioned near or integrated
with each display monitor 120, 126, 132, and 138. In the
simple example of FIG. 1 akeyboard 140, a mouse 142, and
a joystick 144 are provided through which user control and
the manual image manipulations infra are achieved. It is to
be appreciated that the user controls and manual image
manipulations described herein are in addition to the user
controls and other features described in Ser. No. 10/160,836,
supra.

[0046] FIGS. 2-4 are conceptual diagrams intended to
communicate, in a simplified hypothetical setting, the ana-
lytical assistance that an overlay of two medical images of
two different modalities can provide. FIG. 2 illustrates a
conceptual diagram of a first medical image 200 of a breast
according to a first imaging modality (e.g., x-ray mammo-
gram). FIG. 3 illustrates a conceptual diagram of a second
medical image 300 of a breast according to a second imaging
modality (e.g., ultrasound). FIG. 4 illustrates a conceptual
diagram of a bimodal medical image 400 formed by a
superposition of the medical images 200 and 300. As indi-
cated in FIG. 4, some of the features that are salient in one
medical image (e.g., suspect regions 202 and 302) do not
become enhanced or clarified by corresponding locations in
the other image, and this information may be useful in
determining a false positive or in further characterization of
a suspect region. Conversely, some features that may not be
particularly evident in either medical image may become
apparent when the images are superimposed, as represented
by the suspect region 402. Once again, it is to be appreciated
that the example of FIGS. 2-4 is hypothetical in nature for
communicating one or more principles according to the
preferred embodiments, and is not a literal portrayal of
breast images. However, analogous advantages apparent to
the trained eye can be enjoyed by overlay of ultrasound
thick-slice images and x-ray mammogram images of a
breast, or vice versa, in accordance with the preferred
embodiments.

[0047] Thus, in one preferred embodiment, one or more
ultrasound thick-slice images are superimposed onto a cor-
responding x-ray mammogram view, the thick-slice images
representing a slab-like volume of the breast taken parallel
to a standard x-ray mammogram view. In other preferred
embodiment, one or more ultrasound thick-slice images are
superimposed onto a corresponding X-ray mammogram
view, the thick-slice images representing a slab-like portion
of the breast that is substantially less thick than the entire
breast volume. This provides the advantage, not offered by
the summation ultrasound image of U.S. Pat. No. 5,938,613,
supra.

[0048] In yet another preferred embodiment, one or more
ultrasound images of the breast are superimposed onto a
corresponding x-ray mammogram view in a manner that
allows for manual vernier adjustments of the registration of
the images. It has been found that the manual vernier
registration adjustments of the ultrasound images with the
corresponding x-ray mammogram image is of substantial
benefit in image analysis. In particular, it rapidly increases
the viewer’s perception and appreciation of breast structures
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being displayed by both component images, as compared to
when (i) the component images are presented side-by-side,
and (ii) the component images are displayed in fixed regis-
tration. Although precise explanations might well be left to
cognitive scientists, it is believed that the generally amor-
phous nature of the breast images makes it difficult, when
placed side-by-side, to mentally carry across distance and
proportion information from one image to the other. This
problem is alleviated somewhat when the images are super-
imposed and displayed in fixed registration with each other.
However, especially with the medical image modalities at
hand, it is still often difficult to perceive which component
image is displaying which localized patterns in the fixed-
registration bimodal image. When manual, verier registra-
tion adjustments are performed according to the preferred
embodiments, the subtle shifts of entire localized patterns
responsive to the user’s own adjustments can substantially
enhance comprehension of the different localized patterns in
both component images and in the overall bimodal image.

[0049] FIG. 5 illustrates the adjunct ultrasound display
monitor 126 at different intervals during an overlay of an
ultrasound image onto an x-ray mammogram image 128. In
frame (a), the user first moves a cursor 502 over a particular
ultrasound thick-slice thumbnail of interest. In frame (b),
upon clicking the thick-slice thumbnail, the thumbnail is
expanded to a full ultrasound thick-slice image 504 having
the same spatial scale as the x-ray mammogram image 128.
At frame (c), the user clicks-and-drags the ultrasound thick-
slice image 504 over toward the x-ray mammogram image
128. At frame (d), a bimodal image 506 is displayed, with
the user performing small, manual adjustments to the reg-
istration of the two component images forming the bimodal
image. As the component images begin to overlap in frame
(¢), a mixing algorithm described further infra is used that
approximates the visual effect of placing a conventional
x-ray mammogram film on a light box, and superimposing
a second transparency thereon containing a printed version
of the thick-slice ultrasound image, although in general any
of a variety of different mixing algorithms can be used to
superimpose the component images.

[0050] FIG. 6 illustrates steps for breast cancer screening
using an x-ray mammogram with adjunct ultrasound over-
lays according to a preferred embodiment. The steps of FIG.
6 are described with respect to a single x-ray mammogram
view/breast pair (e.g., CC view for left breast), it being
understood that analogous steps for the other breast/view
pairs are being carried out serially or in parallel with the
steps of FIG. 6. At step 602, an array of ultrasound thick-
slice thumbnails is displayed near an X-ray mammogram
image. At step 604, the user selects an ultrasound thick-slice
thumbnail of interest. At step 606, the spatial scale of the
ultrasound thick-slice thumbnail is increased to the same
scale as the x-ray mammogram image. At step 608, the
thick-slice ultrasound image is remapped, if necessary, to be
complementary to the display values of the x-ray mammo-
gram image.

[0051] At step 610, the thick-slice image is moved over
the x-ray mammogram image in approximate or “starter”
registration therewith. While in the embodiments of FIG. 5
this is described in terms of a manual click-and-drag pro-
cess, the scope of the preferred embodiments is not so
limited. In an alternative preferred embodiment, this step is
performed automatically by the adjunctive ultrasound dis-
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play system using methods known in the art, thereby saving
radiologist time. Automated registration methods include
those based on skin lines, nipple position, chest wall posi-
tion, artificial external markers, natural internal feature
markers such as visible microcalcifications, and/or other
methods. Methods based on artificial external markers
include those using a single “BB” or similar marker placed
near the nipple, as well as those using three or more BBs.
Where multiple artificial markers are used, the scaling of the
component images may be contracted or expanded in one or
both directions as necessary to get all of the markers to line
up.

[0052] At step 612 the user performs manual vernier
registration adjustments. When the previous initial registra-
tion step 610 is performed automatically rather than by
manual manipulation, the vernier adjustments may be based
on perceived registration differences in the initial registra-
tion. On the other hand, even if the initial registration is very
good or perfect, the user still manipulates the component
images to be slightly out-of-registration, and then moves
them back into registration, in order to experience the
benefits of the vernier image manipulations described supra.
At step 614 the user may optionally perform mixing param-
eter adjustments as described infra with respect to FIGS.
13-14. At step 616 the user may optionally perform thick-
slice elevation and thickness adjustments according to a
“rolling thick-slice” method described infra with respect to
FIG. 7. At step 618 the user may choose to continue the
adjustment and analysis process or may proceed to another
image view or thick-slice image.

[0053] FIG. 7 illustrates a top view of the joystick control
144 of the adjunctive ultrasound screening station 108 of
FIG. 1, along with a conceptual side view of a breast 702
and a slab-like thick-slice region 704 therein, for further
describing the “rolling thick-slice” method of step 616 of
FIG. 6, supra. For the CC view, when the joystick 144 is
moved forward (frame (a)) or backward (frame (b)), the
elevation of the thick-slice region 704 relative to a bottom
compression plate is adjusted upward or downward, respec-
tively, within the breast volume. For the MLO view, this
elevation metric corresponds to a distance from the verti-
cally-oriented compression plane for that view. More gen-
erally, if a non-standard plane is used, the elevation corre-
sponds to a distance from one of the compression plates used
to compress the breast. When the joystick 144 is moved right
(frame (c)) or left (frame (d)), the thickness of the slab-like
region whose data is used to form the thick-slice image is
increased or decreased, respectively. Accordingly, the user
may easily navigate throughout the breast volume, and may
easily select between thinner and thicker-slice regions to
compare to the x-ray mammogram. The thick-slice ultra-
sound image gently morphs along a continuum of two-
dimensional representations in an intuitive manner that
allows the radiologist to readily navigate the breast in both
a positional sense (elevation) and abstractional sense (slab
thickness).

[0054] FIGS. 8-14 illustrate a user display 800 according
to a preferred embodiment at different points in a medical
image superposition process according to a preferred
embodiment. The user display 800 comprises a set of
selection buttons 802, a patient identification display 822,
and one or more medical images as described herein. Gen-
erally speaking, in addition to the capabilities described
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herein, all of the capabilities of the user display of Ser. No.
10/160,836, supra, are incorporated into the user display
800, such as the ability to display multiple thumbnail
thick-slice images, select and expand a given thumbnail into
a full-scale image, analyze individual slices and cine-pre-
sentations thereof throughout the breast volume, etc., as
facilitated by the selection buttons 804-820. In the preferred
embodiment of FIGS. 8-14, it is an x-ray mammogram
image that is manually superimposed over a static thick-slice
ultrasound image.

[0055] FIG. 8 illustrates the user display 800 after a
particular thick-slice image from a particular zone for the
RCC view has been selected and expanded into the ultra-
sound image 824. The ultrasound image 824 is an 8-bit
grayscale image with the gray scale selected to be reminis-
cent of a film-based x-ray mammogram as displayed on a
light box, 1.e., brightest=255=D_ ,, =high acoustic echo and
darkest=0=low acoustic echo.

[0056] FIG. 9 illustrates the user display 800 upon user
pressing of a first superposition key, such as the keyboard
letter “I.” Responsive to this command, the ultrasound
image 824 is inverted such that brightest=255=D__ =low
acoustic echo and darkest=0=high acoustic echo.

[0057] FIG. 10 illustrates the user display 800 upon user
pressing of a second superposition key, such as the keyboard
letter “M.” Responsive to this command, an X-ray mammo-
gram image 1002 is displayed near the ultrasound image
902. The x-ray mammogram image 1002 is an 8-bit gray-
scale image with the gray scale set to mimic the appearance
of a film-based x-ray mammogram as placed on a light box,
1.e., brightest=255=D_ =highly radio-opaque and darkest=
0O=highly radio-transparent.

[0058] FIG. 11 illustrates the user display 800 as the user
manually moves the x-ray mammogram image 1002 over
the ultrasound image 902. In one preferred embodiment, the
user manually causes lateral movement by pressing of the
LEFT and RIGHT arrow keys of the keyboard and vertical
movement by pressing the UP and DOWN arrows of the
keyboard. At areas of image overlap, a pixelwise mixing
algorithm is used to achieve superposition of the medical
images. In one preferred embodiment illustrated in FIGS.
11-14, the mixing algorithm is given by Eq. (1) below, where
(x,y) represents the coordinates of the pixel in question,
u(x,y) is the value of the inverted ultrasound image 902 at
that location, m(x,y) is the value of the x-ray mammogram
image 1002 at that location, d(x,y) is the ultimate output
display value at that location, and F,_,, is a scalar mixing
factor valued between zero and unity:

X Y)F i MEY I (I=Finin) i%3) {1

[0059] Preferably, the mixing factor F_, is dynamically
user-adjustable, but will be assigned a default starting value
of about 0.5. Any of a variety of mixing algorithms may be
used in accordance with the preferred embodiments, and
may be varied according to the specific display hardware
used and the quality and dynamic range of the medical
images used. In another preferred embodiment, the mixing
algorithm is designed to closely emulate a film-based super-
position scenario comprising (i) a light box, (ii) a standard
film-based x-ray mammogram placed thereon (dark=radio-
transparent, clear=radio-opaque), and (iii) an ultrasound
image printed on a clear film placed thereon, the ultrasound
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image being printed such that dark=high acoustic echo and
clear=low acoustic echo. This algorithm is given by Eq. (2)
below, where D, is the brightest value available on the
display monitor:

FXY)=D gy TEPY D ] X PVD )] {2}
[0060] FIG. 12 illustrates the user display 800 as regis-
tration of the component images is substantially achieved to
form a bimodal image 1202. While viewing the bimodal
image 1202, the user will usually be performing small
manual adjustments of the registration of the component
images by using the arrow keys, as described supra. During
this process, the user may adjust the elevation and/or thick-
ness of the thick-slice ultrasound image component in a
“rolling thick slice” method described supra with respect to
FIG. 7. Additionally, the mixing factor F_ ., may be dynami-
cally adjusted, for example by using the “+” and “-”
keyboard keys, so as to let one or the other of the component
medical images predominate.

[0061] FIG. 13 illustrates the user display 800 as the
mixing factor F_ . is adjusted closer to zero to let the x-ray
mammogram image component predominate. FIG. 14 illus-
trates the user display 800 as the mixing factor F_,, is
adjusted closer to unity to let the ultrasound image compo-
nent predominate.

[0062] Itis to be appreciated that those preferred embodi-
ments described supra in which both component images are
displayed in electronic format are presented by way of
non-limiting example only, and any of a variety of other
component medical image display and bimodal image for-
mation methods is within the scope of the preferred embodi-
ments. For example, in another preferred embodiment, the
x-ray mammogram is provided on a conventional x-ray film
and placed on a lightbox, the lightbox being capable of
backprojecting an ultrasound image onto its display surface.
After reviewing the x-ray film in a conventional fashion, the
radiologist may then activate this backprojection feature and
thereby view an overlay of the X-ray mammogram image on
the ultrasound image. In another preferred embodiment, a
high-brightness computer display is used to illuminate an
x-ray film for conventional viewing in a first configuration,
and to display an ultrasound image in a second configuration
that projects through the x-ray film to achieve an overlay of
the x-ray mammogram image on the ultrasound image. In
still another preferred embodiment, the x-ray mammogram
is displayed digitally on a monitor or backprojected onto a
light box, while the ultrasound image is printed onto a
translucent film and placed on the monitor or light box.

[0063] In still another preferred embodiment, a standard
film-based x-ray mammogram is placed on a lightbox, and
an ultrasound image printed on a clear film is placed thereon
and manually manipulated by the user. In such preferred
embodiment, several thick-slice ultrasound images are
printed on separate transparent sheets, which can be inter-
changed by the user as needed to achieve elevation varia-
tions, and which can be doubled-up or tripled-up as needed
to represent thicker thick-slice regions of the breast volume.

[0064] In each case, the overlying and underlying medical
images should be complementary to each other, and should
be amenable to manual vernier registration adjustment by
the user. Any of a variety of manual vernier registration
adjustment techniques may be employed between the over-
laid image and the underlying image.
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[0065] For those preferred embodiments in which a first
medical image is provided in film or other hardcopy format
while a second medical image is provided in electronic
display format, a bar code reader is included in the viewing
station hardware. The bar code reader reads a bar code that
is placed on each hardcopy image, using that bar code
information to locate and access the second medical image
from the system database.

[0066] Any of a variety of manual vernier registration
adjustment techniques may be employed between the over-
laid image and the underlying image, including touch-screen
control, mouse or joystick control, trackball control,
mechanical control, other techniques, or a combination of
these techniques. For example, where both the x-ray image
and ultrasound image are electronically displayed on the
same display monitor, a click-and-drag technique using a
computer mouse or joystick may be used. If one or both of
the component images is on film or other hardcopy format,
the radiologist may slide the overlying image across the
underlying image by hand. Alternatively or in conjunction
therewith, where the underlying image is achieved by back-
projection or computer display, the underlying image may be
manually shifted using by computer mouse click-and-drag,
joystick, or trackball control.

[0067] Whereas many alterations and modifications of the
present invention will no doubt become apparent to a person
of ordinary skill in the art after having read the foregoing
description, it is to be understood that the particular embodi-
ments shown and described by way of illustration are in no
way intended to be considered limiting. By way of example,
although described supra in terms of adjunctive ultrasound
screening, in view of the present disclosure one skilled in the
art would readily be able to apply the thick-slice display
apparatus of the preferred embodiments in the context of
computerized tomography (CT) and/or magnetic resonance
imaging (MRI) environments. In each case, individual
image slices generated from CT scans or MRI scans of the
breast are compounded so as to form thick-slice images of
slab-like portions of the breast along planes parallel to a
standardized x-ray mammogram view plane, and the thick-
slice images are displayed in close proximity to an Xx-ray
mammogram of the breast in a way that allows them to be
manually translated and superimposed thereon by the radi-
ologist. The elevation and/or depth CT or MRI thick-slice
images may be adjusted by manual joystick control or other
control mechanism.

[0068] By way of further example, while described supra
in terms of the superposition of only a single thick-slice
ultrasound image over an Xx-ray mammogram (or vice versa),
in other preferred embodiments two or more thick-slice
ultrasound images are superimposed with the x-ray mam-
mogram. Moreover, the two or more thick-slice images may
correspond to non-adjacent portions of the breast volume. In
still other preferred embodiments, it has been found that
useful observations may be made by superimposing two
ultrasound thick-slice images taken from the same region of
the breast at different points in time, e.g., spaced 1 year
apart, to assist in screening for changes in the breast over
time. The two superimposed thick-slice images may be
superimposed upon an x-ray mammogram image, or alter-
natively can be displayed without the x-ray mammogram
image. In other preferred embodiments, three or more thick-
slice ultrasound images are superimposed corresponding to
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three or more different points in time. In still other preferred
embodiments, a plurality of x-ray mammogram images
taken at different points in time can be superimposed with a
plurality of thick-slice ultrasound images taken at different
points in time. Methods for implementing systems according
to these preferred embodiments would be readily apparent to
those skilled in the art in view of the present disclosure.

[0069] By way of further example, while described supra
in terms of the superposition of images from two different
modalities, the features and advantages of the preferred
embodiments are readily applied to the superposition of
medical images from three different modalities, e.g., ultra-
sound, x-ray mammogram, and MRI. According to a pre-
ferred embodiment, for those modalities that yield three-
dimensional information, thick-slice images are derived
therefrom and used for overlay purposes. Exemplary com-
binations may include overlays of: (i) x-ray mammogram,
ultrasound, and MRI; (i) (ii) x-ray mammogram, ultra-
sound, and CT; (iii) CT, ultrasound, and MRI; (iv) CT, x-ray
mammogram, and MRI; and others. The features and advan-
tages of the preferred embodiments are also readily applied
to the superposition of medical images from four or more
different imaging modalities. For such multi-modality cases,
in order to reduce the amount of clutter and to derive more
utility from the overlays, the individual medical images are
preferably enhanced prior to or during overlay so as to
display the most salient features revealed by its respective
imaging modality. By way of example, the ultrasound image
will be spatially low-pass filtered to concentrate on larger
features, it being understood that very small structures such
as microcalcifications are not strongly revealed by the
ultrasound modality. The reduced amount of speckle from
the low-pass filtering will reduce the amount of clutter in the
multi-modality overlay image.

[0070] Moreover, it is to be appreciated that the features
and advantages of the preferred embodiments are applicable
to medical imaging formats not currently contemplated for
use in large-scale breast cancer screening programs. For
example, phase information from holographically encoded
medical images may be interferometrically combined to
achieve the medical image superpositions, or other types of
time- or space-based modulation methods may be used to
encode and superimpose the medical images. Therefore,
reference to the details of the preferred embodiments are not
intended to limit their scope, which is limited only by the
scope of the claims set forth below.

1-50. (canceled)

51. A method for facilitating review of information rep-
resentative of a three-dimensional breast ultrasound volume,
comprising:

displaying a two-dimensional thick-slice ultrasound
image representative of a sonographic property of the
breast within a slab-like subvolume thereof, said slab-
like subvolume having a thickness in a range of 2 mm
to 20 mm and an elevation from a reference plane;

receiving a user request to vary at least one of the
elevation and the thickness of the slab-like subvolume;
and

modifying in real time the displayed two-dimensional
thick-slice image according to variations made to the at
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least one of the elevation and thickness of said slab-like
subvolume responsive to said user request.

52. The method of claim 51, wherein said variations made
to the at least one of the elevation and thickness are
smoothly continuous such that the modifications to the
two-dimensional thick-slice image appear morphable rather
than instantaneous.

53. The method of claim 52, wherein said user requests
are received from an input device having, for each of said
elevation and said thickness, an “off” position indicative of
no request for variation and at least one “on” position
indicative of a request for variation, whereby a look and feel
of physical navigation through an elevation-thickness space
is achieved.

54. The method of claim 51, wherein said reference plane
corresponds to a plane of a compression plate against which
the breast was compressed during a volumetric ultrasound
scan thereof that yielded the three-dimensional breast ultra-
sound volume.

55. The method of claim 54, said reference plane com-
prising a standard x-ray mammogram view plane, further
comprising displaying an x-ray mammogram image of the
breast taken along said standard x-ray mammogram view
plane, said x-ray mammogram image being displayed in
close proximity to said thick-slice image for substantially
simultaneous viewing therewith.

56. The method of claim 35, wherein said x-ray mam-
mogram image is displayed as an overlay with said thick-
slice image and in substantial registration therewith.

57. The method of claim 56, wherein said x-ray mam-
mogram image comprises one of (i) a film-based image
physically overlaid on a display monitor displaying said
thick-slice image, and (ii) a softcopy image digitally mixed
with said thick-slice image.

58. An apparatus for facilitating review of information
representative of a three-dimensional breast ultrasound vol-
ume, comprising;

a display device; and

a processor coupled with the display device and generat-
ing for viewing thereon a two-dimensional thick-slice
ultrasound image representative of a sonographic prop-
erty of the breast within a slab-like subvolume thereof,
said slab-like subvolume having a thickness in a range
of 2 mm to 20 mm and an elevation from a reference
plane;

a user input device for receiving a user request to vary at
least one of the elevation and thickness of the slab-like
subvolume, said processor varying the at least one of
the elevation and thickness responsive to said user
request, said processor modifying in real time the
two-dimensional thick-slice image according to said
variations of the at least one of the elevation and
thickness for real time viewing on said display device.

59. The apparatus of claim 58, said processor varying the
at least one of the elevation and thickness in a smoothly
continuous manner such that the modifications to the two-
dimensional thick-slice image appear morphable on said
display device rather than instantaneous.

60. The apparatus of claim 59, said user input device
comprising, for each of said elevation and said thickness, an
“off” position indicative of no request for variation and at
least one “on” position indicative of a request for variation,
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whereby a look and feel of physical navigation through an
elevation-thickness space is provided to the user.

61. The apparatus of claim 58, wherein said reference
plane corresponds to a plane of a compression plate against
which the breast was compressed during a volumetric ultra-
sound scan thereof that yielded the three-dimensional breast
ultrasound volume.

62. The apparatus of claim 61, said reference plane
comprising a standard x-ray mammogram view plane, said
processor further generating for viewing on the display
device in close proximity to said thick-slice image an x-ray
mammogram image of the breast taken along said standard
X-ray mammogram view plane.

63. The apparatus of claim 62, wherein said X-ray mam-
mogram image is displayed as an overlay with said thick-
slice image and in substantial registration therewith.

64. The apparatus of claim 63, wherein said x-ray mam-
mogram image comprises a softcopy image digitally mixed
with said thick-slice image.

65. A computer program product stored on a computer-
readable medium for facilitating review of information
representative of a three-dimensional breast ultrasound vol-
ume, comprising:

computer code for displaying a two-dimensional thick-
slice ultrasound image representative of a sonographic
property of the breast within a slab-like subvolume
thereof, said slab-like subvolume having a thickness in
a range of 2 mm to 20 mm and an elevation from a
reference plane;

computer code for receiving a user request to vary at least
one of the elevation and the thickness of the slab-like
subvolume; and

computer code for modifying in real time the displayed
two-dimensional thick-slice image according to varia-
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tions made to the at least one of the elevation and
thickness of said slab-like subvolume responsive to
said user request.

66. The computer program product of claim 65, wherein
said variations made to the at least one of the elevation and
thickness are smoothly continuous such that the modifica-
tions to the two-dimensional thick-slice image appear mor-
phable rather than instantaneous.

67. The computer program product of claim 66, wherein
said computer code for receiving is configured to receive
user requests from an input device having, for each of said
elevation and said thickness, an “off” position indicative of
no request for variation and at least one “on” position
indicative of a request for variation, whereby a look and feel
of physical navigation through an elevation-thickness space
is achieved.

68. The computer program product of claim 65, wherein
said reference plane corresponds to a plane of a compression
plate against which the breast was compressed during a
volumetric ultrasound scan thereof that yielded the three-
dimensional breast ultrasound volume.

69. The computer program product of claim 68, said
reference plane comprising a standard x-ray mammogram
view plane, further comprising computer code for displaying
in close proximity to said thick-slice image an x-ray mam-
mogram image of the breast taken along said standard x-ray
mammogram view plane.

70. The computer program product of claim 69, wherein
said x-ray mammogram image is displayed by said computer
code for displaying as an overlay with said thick-slice image
and in substantial registration therewith.
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