A regional registration technique for automated interval change analysis
of breast lesions on mammograms

S. Sanjay-Gopal, Heang-Ping Chan,® Todd Wilson, Mark Helvie, Nicholas Petrick,
and Berkman Sahiner
Department of Radiology, University of Michigan, Ann Arbor, Michigan 48109-0030

(Received 11 November 1998; accepted for publication 13 Septembe)y 1999

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
casegq63/74 temporal pairghe 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 techniqgue had an average distance offZ2® 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 densities1999 American Association of
Physicists in Medicing.S0094-2405(99)00612-4]
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[. INTRODUCTION grams obtained in previous years for detecting and evaluat-
ing breast lesions and for identifying interval changes. The

Malmrgogratp hy is Cgrrtenttl%%g\e mpstt efffecnve ;neth%d O:corimportance of interval change analysis in mammographic in-
early breast cancer detect vaniely ot computer-aide terpretation has been established in clinical practiCelt

diagnosig CAD) techniques have recently been developed tocan be expected that analvsis of changes in mammoaranhic
detect mammographic abnormalities and to distinguish be; P y 9 grap

tween malignant and benign lesich€ Knowledge from di- features between current and previous mammograms of the

verse areas such as signal and image processing, pattern rgtient will also be an mportant compon(_apt O_f a CAD sys-
ognition, computer vision, artificial intelligence, and neural €M for both the detection and the classification tasks. The
networks has been used to develop algorithms to be imp|és_1b|llty for a_qtomated analysis of mte.rval.changes wou_ld. fur-
mented within a CAD scheme. Varying degrees of succesH1€r the ability of CAD to offer an objective second opinion.
for these approaches have been reported in the literature. OIS improvement, in turn, could increase the positive pre-
common feature of most of these CAD techniques is thaflictive value of mammography, reduce the number of benign
they use a single mammogram for analysis. However, somBiopsies, and hence reduce both cost and patient morbidity.
malignancies may only manifest as a new density on mam- While a number of CAD schemes use only a single mam-
mograms without associated calcifications or masses, othergogram, the simultaneous use of more than one mammo-
distinguish themselves from benign lesions only by theirgram has been under investigation for some time. Several
relatively rapid changes in sizes. Therefore, radiologists rouresearchers have used views of the contra-lateral breast for
tinely use several mammographic views along with mammodetecting masses and developing densities. For instance, Yin

2669 Med. Phys. 26 (12), December 1999 0094-2405/99/26 (12)/2669/11/$15.00 © 1999 Am. Assoc. Phys. Med. 2669



2670 Sanjay-Gopal et al.: A regional registration technique 2670

et al***? have utilized architectural asymmetry between thequires a common frame of reference between the current and
right and left breasts to detect masses. While it is widelyprevious mammograms. Several complicating factors con-
accepted that interval changes in mammographic features afeund obtaining such a frame of reference. These factors
very useful for both detection and classification of breasinclude differences in breast compression and positioning be-
abnormalities, the development of CAD techniques to uséween the current and previous mammograms, differences in
this information has achieved limited succé$s® Sallam  the imaging technique between the two examinations, and
and Bowyet® have proposed a warping technique for mam-changes in breast structure, size, and tissue density between
mogram registration. They manually obtained control pointghe two images with patient age. As a result, the mammo-
and calculated a mapping function for mapping each point oigraphic appearance of breast tissue on the current and previ-
the current mammogram to a point on the previous mammoeus mammograms of the same patient may vary consider-
gram. The mapping function was obtained based on locahbly. Although these variabilities have not been quantified
affine transformations, as well as interpolation and surfacexperimentally, they can be observed easily from most mam-
fitting techniques. A drawback of this technique is the neednograms. Conventional registration techniques work well
for manual demarcation of control points. Brzakoeical*  for applications involving rigid objects. Because of the elas-
have investigated a three-step method for comparison dicity of the breast tissue, the absence of obvious landmarks,
most recent and previous mammograms. They first registerezhd the large variability in the relative positions of the breast
two mammograms using the method of principal axis, andissues projected onto the mammogram from one examina-
partitioned the current mammogram using a hierarchication to the other, these techniques may not be optimal for
region-growing technique. The breast regions in the twaegistration of breast images.
mammograms were aligned with respect to each other by In mammographic interpretation, a radiologist routinely
means of translation, rotation, and scaling. Although thecompares the current mammogram with previous mammo-
technique was evaluated on a total of 64 images obtainegrams (if available) of the same view in order to detect
from eight cases, this work mainly aimed toward detectingchanges in mammographic features. For example, if a mass
cancerous changes in breast tissue and, therefore, no quaris- detected in the current mammogram, the radiologist
tative analysis of registration accuracy was presented. Vujosearches for that mass in the previous mammogram to deter-
vic and co-workers'® have proposed a multiple-control- mine if this is a new or developing density. If the corre-
point technique for mammogram registration. They firstsponding mass is found on the previous mammogram, then
determined several control points independently on the curthe radiologist compares the current and previous mass size
rent and previous mammograms based on the intersecticaand estimates if the mass has increased in size. To facilitate
points of prominent anatomical structures in the breast. Ahese comparisons, we plan to develop automated methods to
correspondence between these control points was establishdédtect the interval changes as a part of a computer-aided
based on a search in a local neighborhood around the contrdlagnostic system. As a first step, we have developed a novel
point of interest. In a more recent publicatibnthey have method for automatic registration of lesions on temporal
evaluated their approach for establishing the correspondengmirs of mammograms. In our approach, the computer emu-
between control points extracted from two mammograms uslates the search method used by many radiologists for finding
ing 29 temporal image pairs, and presented a qualitativeorresponding structures on mammograms. The method aims
evaluation based on an observer study. They have demoat registering a small region containing a suspected mass on
strated that 91% of 103 computer-matched control pointshe most recent mammogram of the patient with one on a
were in agreement with those matched by a radiologist. AMmammogram obtained from a previous year. Our regional
important assumption of their work was that the distancesegistration technique involves three stefis:identification
between the control points did not change significantly beof a suspicious structure on the most recent mammogi@am,
tween the two mammograms. However, this assumption igitial estimation of the location on a previous mammogram
not necessarily a valid one. Variations in compression coulaf the region corresponding to the suspicious structure and
potentially cause a large variation in the relative distanceshe definition of a search region which encloses the object of
between the control points. Furthermore, the control pointsnterest on the previous mammogram, dBglaccurate iden-
representing the intersections of elongated structures do ntification of the location of the matched object within the
always have correspondences on the two mammogramsearch region. After the two matched lesions are identified,
Most of these points are two-dimensional projection imageheir characteristic features can be automatically extracted
of structures at different depths of an elastic and compressnd interval changes estimated. In the present study, we fo-
ible three-dimensional breast. The projected intersectiorcused on the development and the evaluation of the regional
points can thus vary from image to image and are not invariregistration technique, rather than to solve the entire interval
ant lankmarks. As noted by the authors, the potential contrathange analysis problem. The subsequent steps in the inter-
points are not points that are naturally selected by a radioloval change analysis are beyond the scope of this study.
gist when examining mammograms. Hence, the significance In the following sections we will provide a detailed de-
of these points is debatable. scription of our regional registration technique for temporal
An important factor that may limit the success of theregistration of mammograms and the results of a quantitative
above-mentioned techniques is that the extraction of angvaluation using a data set of 74 temporal image pairs. Al-
meaningful information from previous mammograms first re-though we evaluated a semiautomated version of the tech-
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Fic. 1. Regional registration technique for determining an object on the
previous mammogram which corresponds to a suspicious object on the most _,”/,/
recent or current mammogram.

Fic. 2. Global breast alignment based on the mutual information between
the two breast regionsN.—nipple location in current mammogram,
nique in this preliminary study, it can be fully automated by N,—nipple location in previous mammogra;—nipple location for both

mcorporatlng a nlpple detection step so that no user mtera@urrent and previous mammograms after translating them to the common
tion will be reqwred frame of reference. The previous mammogram is rotated until the mutual

information between the two mammograms is maximized.

[I. MATERIALS AND METHODS

A. Regional registration and mammogram devised specifically to provide such a frame of reference. We
correspondence first define a new frame of reference with the nipple location
As the term indicates, regional registration is a localon the current mammogranN() as the origin. The previous
rather than a global registration technique. It is a multistegnammogram is translated so that its nipple locatidé,)(
procedure and utilizes computer-detected objects in the mo&ligns with the origin in the common frame of reference as
recent(hereafter termed curremnammogram. In the context Shown in Fig. 2. Using the origin as the pivot point, we rotate
of this paper, a current mammogram is either the latest manthe previous mammogram to align the breast regions in the
mogram of the patient, or the latest mammogram before bitwo images.
opsy. The detected objects could be either true magses We have evaluated two different methods for estimation
nign or malignant) or false positives (normal breast Of the optimum rotation angle. The first method is based on
structures). Regional registration then finds a matching obmaximization of the overlap area, and the second method is
ject on a previous mammogram. The three major steps iRased on maximization of the mutual informatiavl) %24
regional registration are illustrated in Fig. 1 and details of thébetween the two segmented breast regions. To determine the
technique are described below. MI, we first rescale the breast portion of both mammograms

In the first step of regional registration, the breast regiorfo @ 0—-255 gray scale. For a given rotation angJethe
is segmented from the background on both the current an@ivo-dimensional(2D) histogramh(i,j) of the gray levels
the previous mammograms. For this purpose we have usedf@r the corresponding pixels on the current mammogram and
breast boundary detection algorithm previously developed iihe previous mammogram is constructed. Hengfers to the
our laboratory*>?° This algorithm could successfully track gray level on the current mammogram andefers to the
the breast boundaries in over 90% of the 1000 mammogran@ay level on the previous mammogram rotated by an angle
in a previous study. It performed reliably on all the images inf. The probability density of the gray scale co-occurrences is
our database. After extracting the breast border from th@stimated from the 2D histogram as
mammogram, the location of the nipple is estimated on both o
the current and the previous mammograms. Any automated (i,j)= hy(i.]) )
method*??can be used for finding the nipple location. How- * J S mahg(mn)’
ever, in this study, the nipple location was manually identi-
fied by a radiologist for all images in our data set. The breasyhere 0<i,j<255, 0sm,n=<255. The mutual information
border and the nipple location now form the basis of a globalMI ) between the two images for a specific rotation argle
breast alignmentGBA) procedure illustrated in Fig. 2. Since is computed as
the sizes and the orientations of the two images could vary .
between the current and previous mammograms, a common _ N Fo(iy])

| Miy=2 fy(i,))* log, . =@

frame of reference is needed. The GBA procedure has been T Zmfa(i,m)Z,fe(n,j)
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the nipple—centroid distances on the previous and current
images. The angular scale fac®yris estimated as the ratio

of the angular width of the breast on the previous image at
radiuss;r to that on the current image at radiusrhe initial
estimate of the corresponding location of the suspicious ob-
ject on the previous mammogram is then obtained as

Current

Previous Search

Suspicious
object

(Slr1520)'
i Using the initial estimate of the centroid of the object on
ee! Centroid the previous mammogram, we can define a fan-shaped

search region bounded Isyr == § ands, 6= € as illustrated in

Fig. 3. The object found on the current mammogram is then
used as a template to search for a matching object in the
_ _ _ _ _ search region on the previous mammogram. The size of the
Fic. 3. Polar coordinate system defined using the nipple location and the h ioridefined bvs ande) d d th iabilit
nipple—centroid axis. The search region for finding a matching object on the€arc reglor(l etined byo an - e epends on the \_la”‘? ity
previous mammogram is shown as the shaded region. between mammograms obtained from one examination to the
other. Since it is difficult to predict the variability of an elas-

tic and deformable object such as the breast by any analytical

The above-mentioned procedure is repeated for several rotfi€thod, we have determined this variability experimentally
tion angles and the angt,., which provides the maximum from t_he mammograms in our (_jata set. The varlat!on in com-_
mutual information is chosen for global breast alignment ofPT€SSIon can cause a change in the relative locations of vari-
the previous mammogram and the current mammogranPus breast structures on these images as well as a rotation of
Note that while the area overlap method for GBA uses thdhe breast boundary with respect to the fixed image coordi-
binary image after segmentation, the MI-based method usd¥tes. By relating the position of a breast structure to the
the original gray scale image. The effects of the two method€orresponding nipple—centroid axis, and by performing a
on the accuracy of regional registration will be discussedsearch in the corresponding search region, we can reduce the
later in Sec. IV. Once the two images are aligned in theeffect of this variability. In this study we have estimated the
common frame of reference, the centroid of the breast regiosize of the search region required to enclose all correspond-
is estimated, and the nipple—centroid axis is defined for botling objects on the previous mammogram using ground truth
mammograms. For comparison we also show in Sec. Ill reebjects identified on the previous mammograms by a radi-
gional registration results based on computing the centroidglogist. The distance of the initial estimate of the center of
of the two breast regions without global breast alignmentihe search region from the centroid of the ground truth object
The nipple—centroid axis forms the basis for the second stefas also estimated.
of regional registration. The third and final step in the regional registration proce-
In the second step, suspicious regions are automaticallyyre involves a systematic search to identify a corresponding
segmented from the breast region on the current mammascture within the fan-shaped search region on the previous
gram. This can be accomplished by using a density-weightel, ammogram. In this study we have evaluated two different
contrast enhancemeDWCE) techniqué® previously de- cooren criteria. The first criterion is based on gray scale tem-
veloped in our laboratory. While the use of the DWCE tech—plate matching. A rectangular gray scale template centered

gﬂzﬁ];engecgﬁi forro:;%ﬁpsl ,LTtgelrSr:;?;[\I/ZrI], I;d:elzsiolr;eliz ton the mass centroid is extracted from the current mammo-
. °p L . Y, . 9 gram. The choice of the size of the template region can affect
can manually identify a suspicious object or a region of in-

terest on the current mammogram and the regional registra—ttbe accuracy of the registration technique. The minimum re-

tion technique can be used to identify a corresponding regioﬁUIrecj size of a rectangular template is, of course, a rectan-

on the previous mammogram. Once suspicious objects ha\%ular region which encloses the mass exactly. However, one

been identified on the current mammogram, the centroid of2" also include a small portion of the background region in

each object is estimated. A polar coordinate system is thef'€ ©€mplate. We have analyzed the performance of our al-
defined using the nipple as the origin and the nipple—centroi&or'thm using Mo dnﬁferent sizes for this Femplate. The first
axis as the 0° axis on both images. This is illustrated in Figincludes a 1-pixel-wide background region all around the
3. The location of the centroid of a suspicious object on thd?oundary of the suspicious object while the second includes
current mammogram is determined as&). We then com- @ 5-pixel-wide background region. For each pikg) in the
pute two scale factors—the radial scale facsgrand the fan-shaped region on the previous mammogram, a region of
angular scale factos,. These scale factors have been de-interest(ROI) centered on the pixel and of the same size as
vised to provide a first-order correction for factors such aghe mass template is extracted. We denote thgnjth pixel
breast compression differences between the current and prig- the gray scale template extracted from the current mam-
vious mammograms, differences in image magnification anénogram ag(m,n) and that from the ROI obtained from the
size, and changes in overall breast shape between the tWan-shaped region ag; ;(m,n). A correlation measure de-
images. The radial scale factsy is estimated as the ratio of fined as

Nipple
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s (p(mn)=p)(g; (mn)—q) images. The 74 temporal image pairs were comprised of 43
= mn e =~ (3)  cranio-caudal views and 31 mediolateral-oblique views.
VEma(P(M,N) =P)?) (Emn(ai j(M,n) —7)%) The mammograms of 20 temporal pairs were digitized

is then obtained for each pixélj) within the search region With a LUMISYS DIS-1000 laser scanner at a pixel resolu-
on the previous mammogram. Here the summation is pertion of 0.1 mm>0.1 mm and with 12 bit resolution. The digi-
formed over the mass template, amdindq denote the av- tizer was calibrated so that the gray values were linearly and
erage pixel values in the template and ROI, respectively. Th#versely proportional to the optical densit®D) within the
correlation values in the search region are then smoothed bnge of 0.1-2.8 OD units, with a slope €0.001 OD/pixel
a 3x3 averaging kernel to reduce fluctuations. The finalvalue. Outside this range, the slope of the calibration curve
estimate of the location of the mass centroid on the previougecreased gradually. The OD range of this digitizer was
mammogram is obtained as the location corresponding t6—3.5. The mammograms of the remaining 54 temporal pairs
maximum correlation. The second search criterion is basewere digitized with a LUMISCAN 85 laser scanner at a pixel
on maximizing the mutual information between the masgesolution of 0.05mmx0.05mm and with 12 bit resolution.
template and the ROI extracted from within the search reThis digitizer was calibrated so that the gray values were
gion. The MI approach is similar to that described earlier forlinearly and inversely proportional to the OD within the
alignment of the breast regions, except that the regions to b@nge 0—4 OD units, with a slope 6f0.001 OD/pixel value.
matched are limited to the size of the mass template. All images were subsequently reduced to 0.8 mm resolution
Once a corresponding structure is found on the previoupy averaging adjacent >88 pixels (20 pairs) or 16
mammogram for a suspicious object on the current mammox 16 pixels(54 pairs). Since the same digitizer was used for
gram, it can be used for an interval change analysis within digitizing all films of the same case, the differences in the
CAD scheme, as we have shown in an independent $fudy.digitizers would have no effect on the analysis of each image
If the search procedure in the fan-shaped region does ngair. Given the small differences between the two laser digi-
yield a corresponding region, then the suspicious object ofizers and the large differences in the imaging technique and
the current mammogram can be considered as a newly dé? the breast appearance from one case to another, it could be
veloped density. Objects for which no corresponding objecexpected that the use of cases collected with the two different
can be found on the previous mammogram can be analyzetigitizers would not affect the evaluation of the registration
with methods designed for single images in an overall CADtechnique.
scheme. Note that in this study the search techniques are While the regional registration technique can be used for
structured in a way to always determine a matching objectdetermining a corresponding structure or region for any
Search criteria to identify new densities will be developed instructure(both false positives and masgés the breast, in
future studies. this study we have analyzed its accuracy on biopsy-proven
masses alone. The location of the mass on the current mam-
mogram was identified by an MQSA-certified radiologist ex-
perienced in breast imaging. The radiologist manually iden-
The data set for this study consisted of 127 images obtified the corresponding region on the previous mammogram
tained from the files of 34 patients who had undergone biand the nipple location on both the current and the previous
opsy at the University of Michigan. From these 127 mam-mammograms using an interactive image analysis tool on a
mograms, 74 temporal pairs of images were obtained. Th&INIX workstation. For each current mammogram, the
current mammogram of each temporal pair exhibited @oundary of the mass was manually delineated by the radi-
biopsy-proven mass. All previous mammograms in the 74logist using an image display program developed in our
temporal pairs contained a mass, a structure, or a densitgboratory. A bounding box enclosing the corresponding ob-
which the radiologist could match to the mass detected in thgect on the previous mammogram was provided by the radi-
corresponding current image. Since some patient files corslogist for each of the masses. Each mass as well as the
tained a sequence of mammograms over three years, tl@rresponding structure on the previous mammogram was
number of temporal pairs was larger than half the number ofated for its visibility on a scale of 1-10, where the rating of

B. Image acquisition and data set

o
o

50 T T T T
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<
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'g, sl A A a _ ‘g, sl N s 4 A A Fic. 5. Distribution of th_e visibility of the mass on the
£ 2 £ a A A a current mammogram with respect to the visibility of a
£ sl R | E &l 1 corresponding structure on the previous mammogram
£ E as rated by an experienced breast radiologist for benign
e A A o A E R . .
3 4 H 4 A i (B) and malignantM) cases. In this rating scale the
§ i a8 § visibility of the masses decreases from 1 to 10 with 10
2 a8 s a 8 being the least visible. The total number of points in
5 2F a8 7 S s T these two graphs is less than the total number of mam-
Z a B 1 3 M 1 mogram pairs in our database, because mammogram
I R 5 ol—~ L pairs with the same rating appear as a single point.
> 0 2 4 6 8 10 > 0 2 4 6 8 10

Visibility in current mammogram Visibility in current mammogram

1 corresponded to the most visible category. The size of th&ration work? (b) how well does the technique perform in
mass on the current mammogram as well as the size of thmatching structures between the current and previous mam-
corresponding structure on the previous mammogram wasiograms? In Sec. Ill we provide the results of regional reg-
also provided by the radiologist. For previous mammogramsstration with and without global breast alignment and using
on which the radiologist could not identify a distinct mass, both correlation and mutual information as the search crite-
the “mass” size was given a size of 0 mm. The parenchymation in step 3.

density was rated based on the BIRADS lexicon. The distri-

butions of the size and visibility ratings for benign and ma-|||. RESULTS

lignant cases in this data set are shown in Figs. 4 and 5. To provide the reader with a qualitative idea of algorithm

performance we first illustrate the intermediate results at
various stages of the algorithm. Then the results of each of
The bounding box enclosing the corresponding object orthe three steps of the algorithm are presented with an analy-
the previous mammogram provided by the radiologist wasis of the dependence of the performance on various algo-
used as the “ground truth” to evaluate the accuracy of therithm parameters. Also presented is an analysis of the accu-
regional registration technique. We have used two differentacy of regional registration using the error measures defined
measures for assessing registration accuracy. The first meia Sec. Il C. In the following sections, the term “initial esti-
sure quantifies whether the corresponding region is correctlynate” refers to the estimate of the center of the search re-
identified by the registration algorithm. This measure is comgion in step 2 of regional registration. The term “final esti-
puted simply as the number of cases in which the estimatechate” refers to the outcome of the search procedure adopted
centroid location of the mass on the previous mammogram ig1 step 3 and represents the overall result of regional regis-
inside the bounding box provided by the radiologist. Thetration.
second measure quantifies the error in the estimate of th& Intermediate results of reqional reaistration
corresponding region on the previous mammogram and is’ g d
defined as the Euclidean distance between the estimated cen-Figures 6—8 show an example of the intermediate and
troid of the corresponding region and the center of thefinal results of applying the regional registration technique to
bounding box provided by the radiologist. Together thesea temporal pair of mammograms. The original digitized
two measures answer the questiof@:does regional regis- mammograms—current and previous—with the automati-

C. Evaluation of registration accuracy

Fic. 6. Left—most recent or current mammogram. Right—previous mam-Fic. 7. Left—location of the mass on the current mammogram. Right—
mogram. The breast images are superimposed with the breast borders dediologist-identified region on previous mammogram corresponding to the
tected by a breast boundary tracking algorithm. mass on the current mammogram.
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=0.35+5/r rad andé=20 mm with GBA(6=25 mm for no
GBA), wherer is the radial distance from the nipple, was
used for the evaluation of the local search criteria used in
step 3 of regional registration.

C. Local search criteria and final estimates

Figure 12 shows the histograms of the Euclidean distance
errors of the final estimate of the corresponding structure
using the correlation measure as the search criterion. Table |
summarizes the results along with the average Euclidean dis-
tance errors and standard deviations using both the correla-
tion and the mutual information search criteria and with and
without the GBA procedure. The average Euclidean distance
errors and deviations for the cases where the final estimate is
inside the ground-truth region identified by the radiologist
Fic. 8. The fan-shaped search region on the previous mammogram. Thand the cases where it is outside are also listed separately.
initial computer estimate of the centroid location of the region correspond-Regional registration incorporating the GBA procedure and
ing to the mass is at the center of the search region. The final estimate of the " . Sz
centroid of the corresponding regidimdicated byX) is obtained by using  USINg correlation as a SearCh. criterion has an accuracy of
the correlation criterion within the fan-shaped search region. 85%. In 63 of the 74 temporal image pairs, the final estimate
of the location of the corresponding region was inside the

) ) radiologist-identified ground-truth region. The use of mutual
cally tracked breast boundaries superimposed, are shown |f¢,rmation as a search criterion yielded an accuracy of 74%

Fig. 6. The location of the mass on the current mammograniss oyt of 74 temporal pairs). The average Euclidean dis-
is shown in Fig. 7 along with the corresponding rad'OIO(~:1'S‘t'tzince error for regional registration incorporating GBA and

identified region on the previous mammogram. Figure 8-orrelation was 4.7 mrtstd. dev. 5.8 mmjor all 74 tempo-

shows the fan-shaped search region on the previous mammgy, pairs and 2.8 mnfstd. dev. 1.9 mmjn 85% (63/74) of
gram estimated in step 2 of regional registration. The initialthe temporal pairs. Use of mutual information as a search
estimate is at the center of this search region which is to b'ériterion in step 3 results in values of 7.2 nstd dev. 8.6

used in step 3 for localization of the corresponding MaSSmm) and 3.0 mm(std. dev. 2.0 mm), respectively, for the
The centroid location of the corresponding object estimategame quantities. ’ ’

by the algorithm using the correlation measure as the search
criterion is also shown in Fig. 8. V. DISCUSSION

B. Initial estimates and search regions A. Initial estimates and search regions

Figure 9 shows histograms of the Euclidean distance be- From the histograms of Fig. 9, we observe that the use of
tween the initial estimate of the centroid location of the cor-the GBA procedure results only in a marginal improvement
responding structure on the previous mammogram and thi@ the initial estimate, if the Euclidean distance error is the
center of the bounding box provided by the radiologist. Foronly measure considered. However, the GBA procedure has
the 74 temporal image pairs used in this data set, the averagesignificant effect in reducing the size of the search region
Euclidean distance error of the initial estimate was 10.5 mmrequired for regional registration. In order to compute the
(std. dev. 6.4 mmyvithout the GBA procedure and 9.8 mm required sizegs and € in Fig. 3) of the search region, we
(std. dev. 6.0 mmwith the GBA procedure. The overall computed two quantities—the radial distance deviation and
accuracy was 46% in both cases, i.e., in 34 of the 74 tempahe angular deviation—using the initial estimate obtained
ral image pairs the initial estimate was inside the groundfrom step 2 for the 74 temporal image pairs. The radial dis-
truth bounding box. Based on observation of the radial detance deviation is defined as the absolute difference between
viation errors and the angular deviation errédefined in  s;r andr., wherer. is the radial distance of the center of
Sec. IV)in Figs. 10 and 11, a search region definedeby the ground-truth region from the nipple location on the pre-
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Fic. 9. Histograms of Euclidean dis-
tance between the initial estimate of
the centroid location of the corre-
sponding object and the center of the
radiologist-identified object on the
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30 Fic. 10. Histograms of radial distance
deviation between the initial estimate
of the centroid location of the corre-

sponding object and the center of the
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vious mammogram. The histograms of radial distance deviadistance from the chest wall. This may be attributed to the
tions for the 74 temporal image pairs with and without theincreased deformability of the breast tissue closer to the
GBA procedure are shown in Fig. 10. An important obser-nipple compared to the tissue closer to the chest wall. This
vation is that ad value of 25 mm is needed to include the indicates that a possible approach to take into account this
centers of the ground-truth structures if the GBA procedurevariability is to incorporate a variable, one which is in-
is not used in step 1. The use of the GBA procedure resultgersely proportional to the radial distancérom the nipple.
in a decrease in the value 6o 20 mm. This decrease helps For the data set in this study, we have investigated several
significantly increase the overall accuracy of the regionaforms for this dependence all of which fit under the general
registration as discussed below. model

In Fig. 11 the angular deviation of the initial estimate is
plotted against the radial distance of the centers of the __ e+ KIT.
ground-truth regions on the previous mammogram. The an-
gular deviatione is defined as,0— 6. whered, is the angle

between the nipple-ground-truth center vector and thdlereen andK are two constants which affect the form of the

dependency. Based on our observation of the angular devia-

nipple-centroid axis. In an earlier studyusing both false © : ;
positives and masses, we have observed that the valde oftions for the entire data set of 74 temporal pairs we have
choseney;,=0.35rad andK =5 rad-mm. As can be seen from

needed to include the center of the ground-truth region de=. ith th | o q Il of th ‘
creases with distance from the nipple, i.e., increases wit ig. 11, with these values G an K, all of the centers 0
the ground-truth regions are within the search region. There-

fore, a search region defined ley= 0.35+5/r rad, and6=20
0.6 mm (if GBA was applied)or =25 mm (if GBA was not

Without GBA
S applied)was used for evaluation of the local search criteria
04 | R . . . .
7 used in step 3 of regional registration.
¥
s 02} L. .
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Distance from nipple (mm) Fic. 12. Histograms of Euclidean distance error for corresponding regions

estimated by regional registration using the correlation measure in step 3
Fic. 11. Angular deviation between the initial estimate of the centroid loca-with and without GBA. This error is defined as the Euclidean distance
tion of the corresponding object and the center of the radiologist-identifiecbetween the centroid location of the estimated corresponding region and the
object on the previous mammogram with and without GBA. Also shown arecenter of the radiologist-identified ground-truth corresponding region on the
the bounding lines defined usirg=0.35+5/r rad. previous mammogram.
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TasLE |. Accuracy of regional registration using correlation measure andof the corresponding region to a dense structure combined
mutual information measure in step 3 with and without global breast aIign—With the subtle nature of the structure on the previous mam-

ment(GBA) and using a 1-pixel-wide background region for the template der th lati ineffective | tab
from the current mammogram. Correct estimates are the cases where tﬁgOgram render the correlation measure inetiective in estab-

estimated centroid location was within the bounding box of the radiologist-iShing correspondence. However, in clinical practice, these
identified object location. masses will likely be categorized as a newly developed den-

sity. Criteria to distinguish a newly developed density will be
investigated in further studies.

Average  Average
error error
(mm) for  (mm) for
Overall average correct incorrect

Method Accuracy error (mm) estimates estimates C. GBA: Area overlap vs mutual information
Qtﬁ”et'aggl 71%(57/74)  7.4+102 28+£20 229+115 For the images used in this study, the result of the GBA
withou R
Mutual 68% (50/74) 8.8+105 3020 207+111 procedure_base_d on maximizing the area overlap b_etv_veen the
information breast regions in the two |ma_ge_s_0f a temporal pair is com-
without GBA parable to that based on maximizing the mutual information.
Correlation  85% (63/74) 4758 2.8*19 15.7+83  However, our observation is that the mutual information cri-
W;\t/lh tGBIA TGS 72486 s0s20 1o4sge €FiON is preferable to the area overlap criterion. The area
infofml:t‘ion ’ T T B overlap measure suffers from the drawback that if the breast
with GBA region in one of the mammograms is uniformly smaller than

that in the other, i.e., the breast edge in one is completely
within the breast edge in the other, then there is no unique
rotation angle at which the area overlap is maximized. Al-
B. Local search criteria and final estimates though the range of rotation angles over which local maxima
. . of the area overlap occur is small, the resulting estimate of
We have evaluated the use of correlation and mutual in- . .
. o the rotation angle for GBA may be suboptimal. The use of
formation as the local search criteria. From Table | we ob- . . . . .
. . mutual information, however, results in a single unique rota-

serve that the GBA procedure results in a higher accurac

) i S : lon angle at which Ml is maximized. In any case, as dis-
irrespective of the search criterion. While the use of mutual !

: . o cussed earlier, the use of the GBA procedure before comput-
information as a search criterion performs reasonably well b

. . ¥ng the breast centroid results in a reduction in the size of the
0,
ltself (74% accuracy with an average error of 7.2 jrtine search region. A smaller search region reduces the likelihood

use of correlation measure was observed to result in morﬁ] . .
. . . . . at the mass template is matched to an incorrect structure
accurate registration. For the images in this data set, the cor-

. . : and, therefore, increases the accuracy and reduces the Eu-
relation measure outperformed the mutual information mea- . .

) . : clidean distance error.
sure irrespective of whether the breast centroids were com-
puted with or without the GBA procedure.

A few observations on the 11 cases where the final esti-
mate was outside the radiologist-identified ground-truth corP
responding region are in order. In 7 of the 11 cases aIthougHmes
the radiologist did provide a region corresponding to the The size of the background region in the gray scale tem-
mass on the current mammogram, the corresponding struplate extracted from the current mammogram affects regis-
ture on the previous mammogram was very subtisibility tration accuracy. For the 74 temporal pairs in this data set,
rating 8 or higheryith indistinct boundaries. The radiologist the best performance was observed when a 1-pixel-wide
could only estimate the region where the mass would debackground region was included all around the boundary of
velop rather than the mass itself, so the truth was uncertaithe mass template. A 5-pixel-wide background region re-
In one of the remaining 4 cases, the mass was an architesulted in a decrease in accuracy and an increase in the aver-
tural distortion in the current mammogram. In a secdmel  age Euclidean distance error. The accuracy progressively de-
nign) case the mass shape had changed considerably. Upareased and the Euclidean distance error increased with an
consultation of the pathology report, the radiologist con-increase in the size of the background region in the template.
cluded that the mass was a benign cyst which had been abBigure 13 shows the distributions of the radial and angular
pirated in the previous year resulting in a substantial changscale factors for the images used in this study. The radial
in its shape. In the third case, the proximity of the mass toscale factos; ranged from 0.94 to 1.05 for this data set. Use
the chest wall resulted in it being incompletely imaged in theof s; reduced the size of the search area by decreasing the
previous year compared to the current year. In such cases thequired value fors. The angular scale facta, was very
correlation measure of a neighboring breast structure wouldlose to 1 in all cases and did not seem to make any major
tend to be higher than that of the corresponding structure. Idifference for the images in this data set. On a final note the
the fourth case, an overlap of two vessels was identified asomputation time required for regional registration incorpo-
corresponding to the mass on the current mammogram whileting correlation was on the average 2 s without GBA and 4
the region corresponding to the mass was observed to kewith GBA on a UNIX workstatiofDEC AlphaStation 600
extremely subtle. In almost all of the 11 cases the proximityseries).

. Template size, scale factors, and computation
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