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Analysis of interval change is a useful technique for detection of abnormalities in mammographic
interpretation. Interval change analysis is routinely used by radiologists and its importance is
well-established in clinical practice. As a first step to develop a computerized method for interval
change analysis on mammograms, we are developing an automated regional registration technique
to identify corresponding lesions on temporal pairs of mammograms. In this technique, the breast is
first segmented from the background on the current and previous mammograms. The breast edges
are then aligned using a global alignment procedure based on the mutual information between the
breast regions in the two images. Using the nipple location and the breast centroid estimated
independently on both mammograms, a polar coordinate system is defined for each image. The
polar coordinate of the centroid of a lesion detected on the most recent mammogram is used to
obtain an initial estimate of its location on the previous mammogram and to define a fan-shaped
search region. A search for a matching structure to the lesion is then performed in the fan-shaped
region on the previous mammogram to obtain a final estimate of its location. In this study, a
quantitative evaluation of registration accuracy has been performed with a data set of 74 temporal
pairs of mammograms and ground-truth correspondence information provided by an experienced
radiologist. The most recent mammogram of each temporal pair exhibited a biopsy-proven mass.
We have investigated the usefulness of correlation and mutual information as search criteria for
determining corresponding regions on mammograms for the biopsy-proven masses. In 85% of the
cases~63/74 temporal pairs!the region on the previous mammogram that corresponded to the mass
on the current mammogram was correctly identified. The region centroid identified by the registra-
tion technique had an average distance of 2.861.9 mm from the centroid of the radiologist-
identified region. These results indicate that our new registration technique may be useful for
establishing correspondence between structures on current and previous mammograms. Once such
a correspondence is established an interval change analysis could be performed to aid in both
detection as well as classification of abnormal breast densities. ©1999 American Association of
Physicists in Medicine.@S0094-2405~99!00612-4#
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I. INTRODUCTION

Mammography is currently the most effective method
early breast cancer detection.1,2 A variety of computer-aided
diagnosis~CAD! techniques have recently been developed
detect mammographic abnormalities and to distinguish
tween malignant and benign lesions.3–8 Knowledge from di-
verse areas such as signal and image processing, patter
ognition, computer vision, artificial intelligence, and neu
networks has been used to develop algorithms to be im
mented within a CAD scheme. Varying degrees of succ
for these approaches have been reported in the literature.
common feature of most of these CAD techniques is t
they use a single mammogram for analysis. However, so
malignancies may only manifest as a new density on m
mograms without associated calcifications or masses, ot
distinguish themselves from benign lesions only by th
relatively rapid changes in sizes. Therefore, radiologists r
tinely use several mammographic views along with mamm
2669 Med. Phys. 26 „12…, December 1999 0094-2405/99/26 „
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grams obtained in previous years for detecting and eval
ing breast lesions and for identifying interval changes. T
importance of interval change analysis in mammographic
terpretation has been established in clinical practice.9,10 It
can be expected that analysis of changes in mammogra
features between current and previous mammograms of
patient will also be an important component of a CAD sy
tem for both the detection and the classification tasks. T
ability for automated analysis of interval changes would f
ther the ability of CAD to offer an objective second opinio
This improvement, in turn, could increase the positive p
dictive value of mammography, reduce the number of ben
biopsies, and hence reduce both cost and patient morbid

While a number of CAD schemes use only a single ma
mogram, the simultaneous use of more than one mam
gram has been under investigation for some time. Sev
researchers have used views of the contra-lateral breas
detecting masses and developing densities. For instance
266912…/2669/11/$15.00 © 1999 Am. Assoc. Phys. Med.
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et al.11,12 have utilized architectural asymmetry between
right and left breasts to detect masses. While it is wid
accepted that interval changes in mammographic feature
very useful for both detection and classification of bre
abnormalities, the development of CAD techniques to
this information has achieved limited success.13–18 Sallam
and Bowyer13 have proposed a warping technique for ma
mogram registration. They manually obtained control poi
and calculated a mapping function for mapping each poin
the current mammogram to a point on the previous mam
gram. The mapping function was obtained based on lo
affine transformations, as well as interpolation and surf
fitting techniques. A drawback of this technique is the ne
for manual demarcation of control points. Brzakovicet al.14

have investigated a three-step method for comparison
most recent and previous mammograms. They first regist
two mammograms using the method of principal axis, a
partitioned the current mammogram using a hierarch
region-growing technique. The breast regions in the t
mammograms were aligned with respect to each other
means of translation, rotation, and scaling. Although
technique was evaluated on a total of 64 images obta
from eight cases, this work mainly aimed toward detect
cancerous changes in breast tissue and, therefore, no qu
tative analysis of registration accuracy was presented. V
vic and co-workers15,16 have proposed a multiple-contro
point technique for mammogram registration. They fi
determined several control points independently on the
rent and previous mammograms based on the intersec
points of prominent anatomical structures in the breast
correspondence between these control points was establ
based on a search in a local neighborhood around the co
point of interest. In a more recent publication,17 they have
evaluated their approach for establishing the correspond
between control points extracted from two mammograms
ing 29 temporal image pairs, and presented a qualita
evaluation based on an observer study. They have dem
strated that 91% of 103 computer-matched control po
were in agreement with those matched by a radiologist.
important assumption of their work was that the distan
between the control points did not change significantly
tween the two mammograms. However, this assumptio
not necessarily a valid one. Variations in compression co
potentially cause a large variation in the relative distan
between the control points. Furthermore, the control po
representing the intersections of elongated structures do
always have correspondences on the two mammogra
Most of these points are two-dimensional projection ima
of structures at different depths of an elastic and compr
ible three-dimensional breast. The projected intersec
points can thus vary from image to image and are not inv
ant lankmarks. As noted by the authors, the potential con
points are not points that are naturally selected by a radi
gist when examining mammograms. Hence, the significa
of these points is debatable.

An important factor that may limit the success of t
above-mentioned techniques is that the extraction of
meaningful information from previous mammograms first
Medical Physics, Vol. 26, No. 12, December 1999
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quires a common frame of reference between the current
previous mammograms. Several complicating factors c
found obtaining such a frame of reference. These fac
include differences in breast compression and positioning
tween the current and previous mammograms, difference
the imaging technique between the two examinations,
changes in breast structure, size, and tissue density betw
the two images with patient age. As a result, the mamm
graphic appearance of breast tissue on the current and p
ous mammograms of the same patient may vary consi
ably. Although these variabilities have not been quantifi
experimentally, they can be observed easily from most ma
mograms. Conventional registration techniques work w
for applications involving rigid objects. Because of the ela
ticity of the breast tissue, the absence of obvious landma
and the large variability in the relative positions of the bre
tissues projected onto the mammogram from one exam
tion to the other, these techniques may not be optimal
registration of breast images.

In mammographic interpretation, a radiologist routine
compares the current mammogram with previous mamm
grams ~if available! of the same view in order to detec
changes in mammographic features. For example, if a m
is detected in the current mammogram, the radiolog
searches for that mass in the previous mammogram to d
mine if this is a new or developing density. If the corr
sponding mass is found on the previous mammogram, t
the radiologist compares the current and previous mass
and estimates if the mass has increased in size. To facil
these comparisons, we plan to develop automated metho
detect the interval changes as a part of a computer-a
diagnostic system. As a first step, we have developed a n
method for automatic registration of lesions on tempo
pairs of mammograms. In our approach, the computer e
lates the search method used by many radiologists for find
corresponding structures on mammograms. The method a
at registering a small region containing a suspected mas
the most recent mammogram of the patient with one o
mammogram obtained from a previous year. Our regio
registration technique involves three steps:~1! identification
of a suspicious structure on the most recent mammogram~2!
initial estimation of the location on a previous mammogra
of the region corresponding to the suspicious structure
the definition of a search region which encloses the objec
interest on the previous mammogram, and~3! accurate iden-
tification of the location of the matched object within th
search region. After the two matched lesions are identifi
their characteristic features can be automatically extrac
and interval changes estimated. In the present study, we
cused on the development and the evaluation of the regi
registration technique, rather than to solve the entire inte
change analysis problem. The subsequent steps in the i
val change analysis are beyond the scope of this study.

In the following sections we will provide a detailed de
scription of our regional registration technique for tempo
registration of mammograms and the results of a quantita
evaluation using a data set of 74 temporal image pairs.
though we evaluated a semiautomated version of the te
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2671 Sanjay-Gopal et al. : A regional registration technique 2671
nique in this preliminary study, it can be fully automated
incorporating a nipple detection step so that no user inte
tion will be required.

II. MATERIALS AND METHODS

A. Regional registration and mammogram
correspondence

As the term indicates, regional registration is a loc
rather than a global registration technique. It is a multis
procedure and utilizes computer-detected objects in the m
recent~hereafter termed current! mammogram. In the contex
of this paper, a current mammogram is either the latest m
mogram of the patient, or the latest mammogram before
opsy. The detected objects could be either true masses~be-
nign or malignant! or false positives ~normal breast
structures!. Regional registration then finds a matching
ject on a previous mammogram. The three major step
regional registration are illustrated in Fig. 1 and details of
technique are described below.

In the first step of regional registration, the breast reg
is segmented from the background on both the current
the previous mammograms. For this purpose we have us
breast boundary detection algorithm previously develope
our laboratory.19,20 This algorithm could successfully trac
the breast boundaries in over 90% of the 1000 mammogr
in a previous study. It performed reliably on all the images
our database. After extracting the breast border from
mammogram, the location of the nipple is estimated on b
the current and the previous mammograms. Any automa
method21,22can be used for finding the nipple location. How
ever, in this study, the nipple location was manually iden
fied by a radiologist for all images in our data set. The bre
border and the nipple location now form the basis of a glo
breast alignment~GBA! procedure illustrated in Fig. 2. Sinc
the sizes and the orientations of the two images could v
between the current and previous mammograms, a com
frame of reference is needed. The GBA procedure has b

FIG. 1. Regional registration technique for determining an object on
previous mammogram which corresponds to a suspicious object on the
recent or current mammogram.
Medical Physics, Vol. 26, No. 12, December 1999
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devised specifically to provide such a frame of reference.
first define a new frame of reference with the nipple locat
on the current mammogram (Nc) as the origin. The previous
mammogram is translated so that its nipple location (Np)
aligns with the origin in the common frame of reference
shown in Fig. 2. Using the origin as the pivot point, we rota
the previous mammogram to align the breast regions in
two images.

We have evaluated two different methods for estimat
of the optimum rotation angle. The first method is based
maximization of the overlap area, and the second metho
based on maximization of the mutual information~MI!23,24

between the two segmented breast regions. To determine
MI, we first rescale the breast portion of both mammogra
to a 0–255 gray scale. For a given rotation angleu, the
two-dimensional~2D! histogramhu( i , j ) of the gray levels
for the corresponding pixels on the current mammogram
the previous mammogram is constructed. Herei refers to the
gray level on the current mammogram andj refers to the
gray level on the previous mammogram rotated by an an
u. The probability density of the gray scale co-occurrence
estimated from the 2D histogram as

f u~ i , j !5
hu~ i , j !

(m,nhu~m,n!
, ~1!

where 0< i , j <255, 0<m,n<255. The mutual information
(MI u) between the two images for a specific rotation anglu
is computed as

MI u5(
i , j

f u~ i , j !* log2H f u~ i , j !

(mf u~ i ,m!(nf u~n, j !J . ~2!

e
ost

FIG. 2. Global breast alignment based on the mutual information betw
the two breast regions.Nc—nipple location in current mammogram
Np—nipple location in previous mammogram,N—nipple location for both
current and previous mammograms after translating them to the com
frame of reference. The previous mammogram is rotated until the mu
information between the two mammograms is maximized.



ro

o
am
th
s

od
e

th
io
o
re

oid
n

ste

a
m
te

h
lp
is

in
tr
io
a

he
ro
ig

th

e
a
p

an
t

f

rent

at

ob-
as

on
ped

en
the
the

the
s-
tical
lly
m-
ari-

on of
rdi-
the

a
e the
he
nd-
uth
di-
of

ject

e-
ing

ious
ent
em-
red

mo-
fect
re-
tan-
one
in
al-

rst
he
des

n of
as

m-
e
-

th
th

2672 Sanjay-Gopal et al. : A regional registration technique 2672
The above-mentioned procedure is repeated for several
tion angles and the angleumax which provides the maximum
mutual information is chosen for global breast alignment
the previous mammogram and the current mammogr
Note that while the area overlap method for GBA uses
binary image after segmentation, the MI-based method u
the original gray scale image. The effects of the two meth
on the accuracy of regional registration will be discuss
later in Sec. IV. Once the two images are aligned in
common frame of reference, the centroid of the breast reg
is estimated, and the nipple–centroid axis is defined for b
mammograms. For comparison we also show in Sec. III
gional registration results based on computing the centr
of the two breast regions without global breast alignme
The nipple–centroid axis forms the basis for the second
of regional registration.

In the second step, suspicious regions are automatic
segmented from the breast region on the current mam
gram. This can be accomplished by using a density-weigh
contrast enhancement~DWCE! technique25 previously de-
veloped in our laboratory. While the use of the DWCE tec
nique is not critical for regional registration, it does he
automate the entire procedure. Alternatively, a radiolog
can manually identify a suspicious object or a region of
terest on the current mammogram and the regional regis
tion technique can be used to identify a corresponding reg
on the previous mammogram. Once suspicious objects h
been identified on the current mammogram, the centroid
each object is estimated. A polar coordinate system is t
defined using the nipple as the origin and the nipple–cent
axis as the 0° axis on both images. This is illustrated in F
3. The location of the centroid of a suspicious object on
current mammogram is determined as (r ,u). We then com-
pute two scale factors—the radial scale factors1 and the
angular scale factors2 . These scale factors have been d
vised to provide a first-order correction for factors such
breast compression differences between the current and
vious mammograms, differences in image magnification
size, and changes in overall breast shape between the
images. The radial scale factors1 is estimated as the ratio o

FIG. 3. Polar coordinate system defined using the nipple location and
nipple–centroid axis. The search region for finding a matching object on
previous mammogram is shown as the shaded region.
Medical Physics, Vol. 26, No. 12, December 1999
ta-

f
.

e
es
s
d
e
n

th
-
s

t.
p

lly
o-
d

-

t
-
a-
n
ve
of
n

id
.
e

-
s
re-
d
wo

the nipple–centroid distances on the previous and cur
images. The angular scale factors2 is estimated as the ratio
of the angular width of the breast on the previous image
radiuss1r to that on the current image at radiusr. The initial
estimate of the corresponding location of the suspicious
ject on the previous mammogram is then obtained
(s1r ,s2u).

Using the initial estimate of the centroid of the object
the previous mammogram, we can define a fan-sha
search region bounded bys1r 6d ands2u6e as illustrated in
Fig. 3. The object found on the current mammogram is th
used as a template to search for a matching object in
search region on the previous mammogram. The size of
search region~defined byd ande! depends on the variability
between mammograms obtained from one examination to
other. Since it is difficult to predict the variability of an ela
tic and deformable object such as the breast by any analy
method, we have determined this variability experimenta
from the mammograms in our data set. The variation in co
pression can cause a change in the relative locations of v
ous breast structures on these images as well as a rotati
the breast boundary with respect to the fixed image coo
nates. By relating the position of a breast structure to
corresponding nipple–centroid axis, and by performing
search in the corresponding search region, we can reduc
effect of this variability. In this study we have estimated t
size of the search region required to enclose all correspo
ing objects on the previous mammogram using ground tr
objects identified on the previous mammograms by a ra
ologist. The distance of the initial estimate of the center
the search region from the centroid of the ground truth ob
was also estimated.

The third and final step in the regional registration proc
dure involves a systematic search to identify a correspond
structure within the fan-shaped search region on the prev
mammogram. In this study we have evaluated two differ
search criteria. The first criterion is based on gray scale t
plate matching. A rectangular gray scale template cente
on the mass centroid is extracted from the current mam
gram. The choice of the size of the template region can af
the accuracy of the registration technique. The minimum
quired size of a rectangular template is, of course, a rec
gular region which encloses the mass exactly. However,
can also include a small portion of the background region
the template. We have analyzed the performance of our
gorithm using two different sizes for this template. The fi
includes a 1-pixel-wide background region all around t
boundary of the suspicious object while the second inclu
a 5-pixel-wide background region. For each pixel~i,j! in the
fan-shaped region on the previous mammogram, a regio
interest~ROI! centered on the pixel and of the same size
the mass template is extracted. We denote the (m,n)th pixel
in the gray scale template extracted from the current ma
mogram asp(m,n) and that from the ROI obtained from th
fan-shaped region asqi , j (m,n). A correlation measure de
fined as

e
e
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Ci , j5
(m,n~p~m,n!2 p̄!~qi , j~m,n!2q̄!

A~(m,n~p~m,n!2 p̄!2!~(m,n~qi , j~m,n!2q̄!2!
~3!

is then obtained for each pixel~i,j! within the search region
on the previous mammogram. Here the summation is p
formed over the mass template, andp̄ and q̄ denote the av-
erage pixel values in the template and ROI, respectively. T
correlation values in the search region are then smoothe
a 333 averaging kernel to reduce fluctuations. The fin
estimate of the location of the mass centroid on the previ
mammogram is obtained as the location corresponding
maximum correlation. The second search criterion is ba
on maximizing the mutual information between the ma
template and the ROI extracted from within the search
gion. The MI approach is similar to that described earlier
alignment of the breast regions, except that the regions to
matched are limited to the size of the mass template.

Once a corresponding structure is found on the previ
mammogram for a suspicious object on the current mamm
gram, it can be used for an interval change analysis withi
CAD scheme, as we have shown in an independent stud26

If the search procedure in the fan-shaped region does
yield a corresponding region, then the suspicious object
the current mammogram can be considered as a newly
veloped density. Objects for which no corresponding obj
can be found on the previous mammogram can be analy
with methods designed for single images in an overall CA
scheme. Note that in this study the search techniques
structured in a way to always determine a matching obje
Search criteria to identify new densities will be developed
future studies.

B. Image acquisition and data set

The data set for this study consisted of 127 images
tained from the files of 34 patients who had undergone
opsy at the University of Michigan. From these 127 ma
mograms, 74 temporal pairs of images were obtained.
current mammogram of each temporal pair exhibited
biopsy-proven mass. All previous mammograms in the
temporal pairs contained a mass, a structure, or a den
which the radiologist could match to the mass detected in
corresponding current image. Since some patient files c
tained a sequence of mammograms over three years,
number of temporal pairs was larger than half the numbe
Medical Physics, Vol. 26, No. 12, December 1999
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images. The 74 temporal image pairs were comprised o
cranio-caudal views and 31 mediolateral-oblique views.

The mammograms of 20 temporal pairs were digitiz
with a LUMISYS DIS-1000 laser scanner at a pixel reso
tion of 0.1 mm30.1 mm and with 12 bit resolution. The dig
tizer was calibrated so that the gray values were linearly
inversely proportional to the optical density~OD! within the
range of 0.1–2.8 OD units, with a slope of20.001 OD/pixel
value. Outside this range, the slope of the calibration cu
decreased gradually. The OD range of this digitizer w
0–3.5. The mammograms of the remaining 54 temporal p
were digitized with a LUMISCAN 85 laser scanner at a pix
resolution of 0.05 mm30.05 mm and with 12 bit resolutio
This digitizer was calibrated so that the gray values w
linearly and inversely proportional to the OD within th
range 0–4 OD units, with a slope of20.001 OD/pixel value.
All images were subsequently reduced to 0.8 mm resolu
by averaging adjacent 838 pixels ~20 pairs! or 16
316 pixels~54 pairs!. Since the same digitizer was used
digitizing all films of the same case, the differences in t
digitizers would have no effect on the analysis of each ima
pair. Given the small differences between the two laser d
tizers and the large differences in the imaging technique
in the breast appearance from one case to another, it cou
expected that the use of cases collected with the two diffe
digitizers would not affect the evaluation of the registrati
technique.

While the regional registration technique can be used
determining a corresponding structure or region for a
structure~both false positives and masses! in the breast, in
this study we have analyzed its accuracy on biopsy-pro
masses alone. The location of the mass on the current m
mogram was identified by an MQSA-certified radiologist e
perienced in breast imaging. The radiologist manually id
tified the corresponding region on the previous mammogr
and the nipple location on both the current and the previ
mammograms using an interactive image analysis tool o
UNIX workstation. For each current mammogram, t
boundary of the mass was manually delineated by the r
ologist using an image display program developed in
laboratory. A bounding box enclosing the corresponding
ject on the previous mammogram was provided by the ra
ologist for each of the masses. Each mass as well as
corresponding structure on the previous mammogram
rated for its visibility on a scale of 1–10, where the rating
h
d-
-
d

FIG. 4. Distribution of the size of the
mass on the current mammogram wit
respect to the size of the correspon
ing structure on the previous mammo
gram as estimated by an experience
breast radiologist for benign~B! and
malignant~M! cases in the data set.
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FIG. 5. Distribution of the visibility of the mass on the
current mammogram with respect to the visibility of
corresponding structure on the previous mammogr
as rated by an experienced breast radiologist for ben
~B! and malignant~M! cases. In this rating scale th
visibility of the masses decreases from 1 to 10 with
being the least visible. The total number of points
these two graphs is less than the total number of ma
mogram pairs in our database, because mammog
pairs with the same rating appear as a single point.
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the
1 corresponded to the most visible category. The size of
mass on the current mammogram as well as the size of
corresponding structure on the previous mammogram
also provided by the radiologist. For previous mammogra
on which the radiologist could not identify a distinct mas
the ‘‘mass’’ size was given a size of 0 mm. The parenchym
density was rated based on the BIRADS lexicon. The dis
butions of the size and visibility ratings for benign and m
lignant cases in this data set are shown in Figs. 4 and 5

C. Evaluation of registration accuracy

The bounding box enclosing the corresponding object
the previous mammogram provided by the radiologist w
used as the ‘‘ground truth’’ to evaluate the accuracy of
regional registration technique. We have used two differ
measures for assessing registration accuracy. The first m
sure quantifies whether the corresponding region is corre
identified by the registration algorithm. This measure is co
puted simply as the number of cases in which the estima
centroid location of the mass on the previous mammogram
inside the bounding box provided by the radiologist. T
second measure quantifies the error in the estimate of
corresponding region on the previous mammogram an
defined as the Euclidean distance between the estimated
troid of the corresponding region and the center of
bounding box provided by the radiologist. Together the
two measures answer the questions:~a! does regional regis

FIG. 6. Left—most recent or current mammogram. Right—previous ma
mogram. The breast images are superimposed with the breast borde
tected by a breast boundary tracking algorithm.
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tration work? ~b! how well does the technique perform i
matching structures between the current and previous m
mograms? In Sec. III we provide the results of regional re
istration with and without global breast alignment and us
both correlation and mutual information as the search cr
rion in step 3.

III. RESULTS

To provide the reader with a qualitative idea of algorith
performance we first illustrate the intermediate results
various stages of the algorithm. Then the results of each
the three steps of the algorithm are presented with an an
sis of the dependence of the performance on various a
rithm parameters. Also presented is an analysis of the a
racy of regional registration using the error measures defi
in Sec. II C. In the following sections, the term ‘‘initial est
mate’’ refers to the estimate of the center of the search
gion in step 2 of regional registration. The term ‘‘final es
mate’’ refers to the outcome of the search procedure ado
in step 3 and represents the overall result of regional re
tration.

A. Intermediate results of regional registration

Figures 6–8 show an example of the intermediate a
final results of applying the regional registration technique
a temporal pair of mammograms. The original digitiz
mammograms—current and previous—with the autom

-
de-
FIG. 7. Left—location of the mass on the current mammogram. Righ
radiologist-identified region on previous mammogram corresponding to
mass on the current mammogram.
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cally tracked breast boundaries superimposed, are show
Fig. 6. The location of the mass on the current mammog
is shown in Fig. 7 along with the corresponding radiologi
identified region on the previous mammogram. Figure
shows the fan-shaped search region on the previous mam
gram estimated in step 2 of regional registration. The ini
estimate is at the center of this search region which is to
used in step 3 for localization of the corresponding ma
The centroid location of the corresponding object estima
by the algorithm using the correlation measure as the se
criterion is also shown in Fig. 8.

B. Initial estimates and search regions

Figure 9 shows histograms of the Euclidean distance
tween the initial estimate of the centroid location of the c
responding structure on the previous mammogram and
center of the bounding box provided by the radiologist. F
the 74 temporal image pairs used in this data set, the ave
Euclidean distance error of the initial estimate was 10.5 m
~std. dev. 6.4 mm!without the GBA procedure and 9.8 mm
~std. dev. 6.0 mm!with the GBA procedure. The overa
accuracy was 46% in both cases, i.e., in 34 of the 74 tem
ral image pairs the initial estimate was inside the grou
truth bounding box. Based on observation of the radial
viation errors and the angular deviation errors~defined in
Sec. IV! in Figs. 10 and 11, a search region defined bye

FIG. 8. The fan-shaped search region on the previous mammogram.
initial computer estimate of the centroid location of the region correspo
ing to the mass is at the center of the search region. The final estimate o
centroid of the corresponding region~indicated byX! is obtained by using
the correlation criterion within the fan-shaped search region.
Medical Physics, Vol. 26, No. 12, December 1999
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50.3515/r rad andd520 mm with GBA~d525 mm for no
GBA!, where r is the radial distance from the nipple, wa
used for the evaluation of the local search criteria used
step 3 of regional registration.

C. Local search criteria and final estimates

Figure 12 shows the histograms of the Euclidean dista
errors of the final estimate of the corresponding struct
using the correlation measure as the search criterion. Ta
summarizes the results along with the average Euclidean
tance errors and standard deviations using both the cor
tion and the mutual information search criteria and with a
without the GBA procedure. The average Euclidean dista
errors and deviations for the cases where the final estima
inside the ground-truth region identified by the radiolog
and the cases where it is outside are also listed separa
Regional registration incorporating the GBA procedure a
using correlation as a search criterion has an accurac
85%. In 63 of the 74 temporal image pairs, the final estim
of the location of the corresponding region was inside
radiologist-identified ground-truth region. The use of mutu
information as a search criterion yielded an accuracy of 7
~55 out of 74 temporal pairs!. The average Euclidean d
tance error for regional registration incorporating GBA a
correlation was 4.7 mm~std. dev. 5.8 mm!for all 74 tempo-
ral pairs and 2.8 mm~std. dev. 1.9 mm!in 85% ~63/74! of
the temporal pairs. Use of mutual information as a sea
criterion in step 3 results in values of 7.2 mm~std dev. 8.6
mm! and 3.0 mm~std. dev. 2.0 mm!, respectively, for th
same quantities.

IV. DISCUSSION

A. Initial estimates and search regions

From the histograms of Fig. 9, we observe that the use
the GBA procedure results only in a marginal improveme
in the initial estimate, if the Euclidean distance error is t
only measure considered. However, the GBA procedure
a significant effect in reducing the size of the search reg
required for regional registration. In order to compute t
required sizes~d and e in Fig. 3! of the search region, we
computed two quantities—the radial distance deviation a
the angular deviation—using the initial estimate obtain
from step 2 for the 74 temporal image pairs. The radial d
tance deviation is defined as the absolute difference betw
s1r and r c , wherer c is the radial distance of the center o
the ground-truth region from the nipple location on the p

he
-

the
-
f

-
e

-

FIG. 9. Histograms of Euclidean dis
tance between the initial estimate o
the centroid location of the corre
sponding object and the center of th
radiologist-identified object on the
previous mammogram with and with
out GBA.
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FIG. 10. Histograms of radial distance
deviation between the initial estimat
of the centroid location of the corre
sponding object and the center of th
radiologist-identified object on the
previous mammogram with and with
out GBA.
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the
vious mammogram. The histograms of radial distance de
tions for the 74 temporal image pairs with and without t
GBA procedure are shown in Fig. 10. An important obs
vation is that ad value of 25 mm is needed to include th
centers of the ground-truth structures if the GBA proced
is not used in step 1. The use of the GBA procedure res
in a decrease in the value ofd to 20 mm. This decrease help
significantly increase the overall accuracy of the regio
registration as discussed below.

In Fig. 11 the angular deviation of the initial estimate
plotted against the radial distance of the centers of
ground-truth regions on the previous mammogram. The
gular deviatione is defined ass2u2uc whereuc is the angle
between the nipple-ground-truth center vector and
nipple-centroid axis. In an earlier study27 using both false
positives and masses, we have observed that the valuee
needed to include the center of the ground-truth region
creases with distance from the nipple, i.e., increases w

FIG. 11. Angular deviation between the initial estimate of the centroid lo
tion of the corresponding object and the center of the radiologist-ident
object on the previous mammogram with and without GBA. Also shown
the bounding lines defined usinge50.3515/r rad.
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distance from the chest wall. This may be attributed to
increased deformability of the breast tissue closer to
nipple compared to the tissue closer to the chest wall. T
indicates that a possible approach to take into account
variability is to incorporate a variablee, one which is in-
versely proportional to the radial distancer from the nipple.
For the data set in this study, we have investigated sev
forms for this dependence all of which fit under the gene
model

e5e th1K/r .

Heree th andK are two constants which affect the form of th
dependency. Based on our observation of the angular de
tions for the entire data set of 74 temporal pairs we ha
chosene th50.35 rad andK55 rad-mm. As can be seen from
Fig. 11, with these values ofe th andK, all of the centers of
the ground-truth regions are within the search region. The
fore, a search region defined bye50.3515/r rad, andd520
mm ~if GBA was applied!or d525 mm ~if GBA was not
applied!was used for evaluation of the local search crite
used in step 3 of regional registration.

-
d
e

FIG. 12. Histograms of Euclidean distance error for corresponding reg
estimated by regional registration using the correlation measure in st
with and without GBA. This error is defined as the Euclidean distan
between the centroid location of the estimated corresponding region an
center of the radiologist-identified ground-truth corresponding region on
previous mammogram.
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B. Local search criteria and final estimates

We have evaluated the use of correlation and mutual
formation as the local search criteria. From Table I we o
serve that the GBA procedure results in a higher accur
irrespective of the search criterion. While the use of mut
information as a search criterion performs reasonably wel
itself ~74% accuracy with an average error of 7.2 mm! the
use of correlation measure was observed to result in m
accurate registration. For the images in this data set, the
relation measure outperformed the mutual information m
sure irrespective of whether the breast centroids were c
puted with or without the GBA procedure.

A few observations on the 11 cases where the final e
mate was outside the radiologist-identified ground-truth c
responding region are in order. In 7 of the 11 cases altho
the radiologist did provide a region corresponding to
mass on the current mammogram, the corresponding s
ture on the previous mammogram was very subtle~visibility
rating 8 or higher!with indistinct boundaries. The radiologis
could only estimate the region where the mass would
velop rather than the mass itself, so the truth was uncer
In one of the remaining 4 cases, the mass was an arch
tural distortion in the current mammogram. In a second~be-
nign! case the mass shape had changed considerably. U
consultation of the pathology report, the radiologist co
cluded that the mass was a benign cyst which had been
pirated in the previous year resulting in a substantial cha
in its shape. In the third case, the proximity of the mass
the chest wall resulted in it being incompletely imaged in
previous year compared to the current year. In such case
correlation measure of a neighboring breast structure wo
tend to be higher than that of the corresponding structure
the fourth case, an overlap of two vessels was identified
corresponding to the mass on the current mammogram w
the region corresponding to the mass was observed to
extremely subtle. In almost all of the 11 cases the proxim

TABLE I. Accuracy of regional registration using correlation measure a
mutual information measure in step 3 with and without global breast al
ment ~GBA! and using a 1-pixel-wide background region for the templ
from the current mammogram. Correct estimates are the cases wher
estimated centroid location was within the bounding box of the radiolog
identified object location.

Method Accuracy
Overall average

error ~mm!

Average
error

~mm! for
correct

estimates

Average
error

~mm! for
incorrect
estimates

Correlation
without GBA

77% ~57/74! 7.4610.2 2.862.0 22.9611.5

Mutual
information

without GBA

68% ~50/74! 8.8610.5 3.062.0 20.7611.1

Correlation
with GBA

85% ~63/74! 4.765.8 2.861.9 15.768.3

Mutual
information
with GBA

74% ~55/74! 7.268.6 3.062.0 19.468.9
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of the corresponding region to a dense structure combi
with the subtle nature of the structure on the previous ma
mogram render the correlation measure ineffective in es
lishing correspondence. However, in clinical practice, the
masses will likely be categorized as a newly developed d
sity. Criteria to distinguish a newly developed density will b
investigated in further studies.

C. GBA: Area overlap vs mutual information

For the images used in this study, the result of the G
procedure based on maximizing the area overlap between
breast regions in the two images of a temporal pair is co
parable to that based on maximizing the mutual informati
However, our observation is that the mutual information c
terion is preferable to the area overlap criterion. The a
overlap measure suffers from the drawback that if the bre
region in one of the mammograms is uniformly smaller th
that in the other, i.e., the breast edge in one is comple
within the breast edge in the other, then there is no uni
rotation angle at which the area overlap is maximized.
though the range of rotation angles over which local maxi
of the area overlap occur is small, the resulting estimate
the rotation angle for GBA may be suboptimal. The use
mutual information, however, results in a single unique ro
tion angle at which MI is maximized. In any case, as d
cussed earlier, the use of the GBA procedure before com
ing the breast centroid results in a reduction in the size of
search region. A smaller search region reduces the likelih
that the mass template is matched to an incorrect struc
and, therefore, increases the accuracy and reduces the
clidean distance error.

D. Template size, scale factors, and computation
times

The size of the background region in the gray scale te
plate extracted from the current mammogram affects re
tration accuracy. For the 74 temporal pairs in this data
the best performance was observed when a 1-pixel-w
background region was included all around the boundary
the mass template. A 5-pixel-wide background region
sulted in a decrease in accuracy and an increase in the a
age Euclidean distance error. The accuracy progressively
creased and the Euclidean distance error increased wit
increase in the size of the background region in the templ
Figure 13 shows the distributions of the radial and angu
scale factors for the images used in this study. The ra
scale factors1 ranged from 0.94 to 1.05 for this data set. U
of s1 reduced the size of the search area by decreasing
required value ford. The angular scale factors2 was very
close to 1 in all cases and did not seem to make any m
difference for the images in this data set. On a final note
computation time required for regional registration incorp
rating correlation was on the average 2 s without GBA an
s with GBA on a UNIX workstation~DEC AlphaStation 600
series!.
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FIG. 13. Histograms of the radial scal
factor and the angular scale factor fo
74 temporal image pairs. The radia
scale factors1 is estimated as the ratio
of the nipple–centroid distances on th
previous and current images. The a
gular scale factors2 is estimated as the
ratio of the angular width of the breas
on the previous image at radiuss1r to
that on the current image at radiusr.
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V. CONCLUSIONS

Radiologists are interested in determining any lo
changes in breast tissue over time which may indicate a
veloping cancer. We have developed a novel regional re
tration technique for temporal registration of mammogram
This technique could become an important component o
CAD scheme for mammographic analysis. Unlike other te
niques found in the literature, our regional registration te
nique does not depend on the identification of landm
structures or control points on the mammograms. It is ba
on a search technique that many radiologists use and
proven to be successful in mammographic interpretation.
ter corresponding objects are found, they can be analyze
interval changes in a CAD scheme. Our preliminary resu
indicate that the regional registration technique is promis
in identifying corresponding regions from temporal mamm
graphic pairs. In 85%~63/74!of the cases the regional reg
istration technique correctly identified the corresponding
gion in the previous mammogram. For these 63 cases,
highly encouraging to note that the estimated location of
region corresponding to the mass in the current mammog
was less than 3 mm on the average from radiolog
identified corresponding locations.

Areas for future work include the development of an a
tomated technique for identifying the nipple location on t
mammograms, investigation of other local search crite
such as Fourier descriptors and shape-invariant momen
be used in the fan-shaped search region, adaptive met
for determining the size of the search region, criteria
identifying newly developed densities, application of r
gional registration to false positives as well as masses,
studies with a large data set to investigate the robustnes
the regional registration technique. It may be noted that
regional registration technique may also be applicable
other related registration problems, such as the registratio
left and right mammograms.
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